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PREFACE 


In the past 15 years we have witnessed an increase in efforts to test 
the Quantum Mechanics (QM) paradigm. This is evidenced by the increased 
number of workers attracted to this field and by several international con¬ 
ferences, such as those in Perugia (1982), Bari (1983) and New York (1986). 
Much of the recent work in this field has concerned experimental tests 
which derive from the Einstein-Podolsky-Rosen paradox, the Bell Theorem and 
other considerations. Although these studies have shed much light on the 
fundamentals of QM, other experiments and alternative interpretations may 
have been neglected. It seemed, therefore, both necessary and timely for a 
concentrated and integrated examination of these experiments and interpre¬ 
tations. This volume is a compilation of the invited papers and ensuing 
discussions at a workshop held at the University of Bridgeport, Bridgeport, 
Connecticut, U.S.A., June 23-27, 1986. 


The events which led to this conference began with correspondence bet¬ 
ween two of us, WMH and EP, in late 1984. It was felt that an ideal loca¬ 
tion for such a conference might be in the U.S., near a large metropolitan 
center; DWK the joined the organizing committee and offered the Bridgeport 
site. When NATO's support for an Advanced Research Workshop was secured,in- 
vitations for papers were extended to individuals active in this field; 
others were invited to participate as observers. The conference attained 
an international character with the participation of attendees from twelve 
nations. 


The choice of a suitable name for the workshop proved difficult. After 
much discussion, the organizers selected "Quantum Violations: Recent and 
Future Experiments and Interpretations." Once the conference was in session, 
however, it became apparent that "uncertainties" was more appropriate than 
"violations." Hence this volume bears the title "Quantum Uncertainties: 
Recent and Future Experiments and Interpretations." 


The structure of the sessions departed from the usual format in that 
all discussion was reserved for an extended period at the end of each day. 
This format allowed for both extensive discussion of the papers presented 
on that day and for additional discussion of papers presented on previous 
days. Approximately nine hours of discussions were held, most of which are 
contained herein. No one familiar with the controversial nature of the work¬ 
shop will be surprised that the discussions proved spirited. 


The conference organizers wish to thank the individuals and organiza¬ 
tions listed in the Acknowledgements, as well as the attendees for their 
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OPENING REMARKS-REPLACING THE QUANTUM PARADIGM 


William M. Honig, Conference Director 

Curtin University, (formerly known as the 
Western Australian Institute of Technology) 
Perth, Bentley, 6102, Western Australia 


I take great pleasure in opening this conference. I have a number of 
remarks to make about what I think may be our common attitudes with 
respect to the Quantum Paradigm. I hope they will occasion your agreement, 
disagreement, or modification and that your response will help initiate the 
oral discussions in the final period of today's and each day's program. 

This is the place and now is the time where alternates to Quantum 
Mechanics (QM), can be discussed. Here such discussions can be carried out to 
the bitter end free from preemptory and angry criticism, and the proponents 
will not be under sufferance from those who favor QM. Those who would 
slightly extend, reinterpret, or reexplain QM will carry here only an equal 
status with other discussants. 

It should be acknowledged that this conference title: Quantum Violations, 
etc., is somewhat peculiar and in many people’s minds is quite premature. It 
should, however, aid in making the point that some or even many 
experiments in the past are susceptible to alternate interpretations to that of 
QM. 

The major purpose of this conference is, I think, to discuss both theoretical 
and experimental matters related to testing, modifying, or even replacing the 
Quantum Paradigm. 

These activities, how they started, and how they might proceed in order to 
attract the serious attention of those uncommitted to these issues, also 
deserve comment. 



They are based on the remark which Einstein made to Born in the early 
1950s just after David Bohm’s first papers appeared discussing the viability of 
alternate concepts to QM and 'hidden variables'. The remark (paraphrased) 
was, "Bohm’s ideas are somehow too cheap". I both disagree and agree with 
this remark. At that time when Bohm started his efforts for the reincarnation 
of anti-QM it was vitally necessary for someone to enhearten those whose 
thoughts were in such directions. I remember that the subject of anti-QM 
was then anathema because of the prevailing climate of opinion and it was 
impossible to even complete a sentence on this subject without it being 
banished from the conversation. 

It was Bohm’s bravery that brought this subject back into serious 
contention. His competence was in showing that an alternate 
crypto-deterministic or hidden variable approach was capable of remaining 
consistent with the methods and results of QM and that von Neumann's 
strictures were more limited than prevailing opinion believed. 

These early steps have established today's more liberal climate of opinion 
and indeed have provided the conditions from which this conference springs. 

Having said this, I now give the sense in which I can agree with Einstein's 
remark. I have, in the past, for more than six years been the Editor of a 
journal devoted to frank speculations in science. In that time I read 
hundreds of papers all devoted to heavily modifying or replacing one or 
another paradigm in science. Almost without exception all these efforts were 
devoted to showing that an alternate set of conceptions would deliver the 
same experimental results or practical equations which the original paradigm 
provides. 

I have come to feel very strongly that a new theory must deliver 
experimental predictions which are confirmed and which are not derivable 
from the ruling paradigm and that otherwise such ideas are not deserving of 
attention by professional workers in that field. Thus only after the fertility 
and heuristic qualities of an idea are literally demonstrated does it deserve to 
be proposed as an occupant of the serious working time of those not directly 
involved in these activities. 

I suppose the Einstein was thinking of matters of this kind when he made 
his remark. Since he was concerned with alternates to QM I think he had 
already accepted the points that Bohm made and was looking for something 
further. 
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The general acceptance of QM and of its slightly older brother Special 
Relativity (STR) occurred only after their obvious usefulness for the 
prediction of new measurements was demonstrated. Particularly for QM, its 
acceptance was propagated from the laboratories which confirmed the 
dazzling measurement accuracies which over the past 60 years have 
strengthened the position of QM. 

I must emphasize my conclusion that it is an unfair imposition upon the 
time and attention of even unbiased workers in the field to expect them to 
automatically commit time to anti-QM ideas. 

The establishment would welcome or at least be neutral to an 
experimental anti-QM attitude. This is because those committed to QM would 
expect that experiments which are performed to test QM will even more 
deeply confirm it, just as the Aspect experiment and its predecessors seem to 
have done. The current consensus on this subject is that no local hidden 
variable can duplicate recent experimental results and non-local hidden 
variables, whatever they may mean, are still largely unexplored. 

This anti-QM attitude appears to be an open approach that is willing and 
anxious to take its chances in the laboratory with frankly falsifiable 
experimentally testable suppositions. This approach carries with it, its own 
formula for success. The performance of an experiment whose character and 
whose results are underivable from the QM paradigm will thus carry with it 
automatic acceptance of the ideas involved. This is, of course, provided that 
such experiments are confirmed and more important are simple and dramatic 
enough to properly impress. 

This would counter the charge that anti-QM is the realm of the arm-chair 
philosopher with nothing to lose because nothing is being risked. 

I think it has been accepted that there might be alternates to QM that are 
more philosophically satisfying but which deliver no experimental results 
differing from QM. I think that the lack of interest in these approaches is 
reasonable and without the literal demonstration of the fertility and heuristic 
qualities of a new approach no one should give up on what we have inherited. 
Although there have been some temporary exceptions the glories of our 
science have all had to pass through the same kinds of trials in the 
laboratory. 
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Turning now to our common sympathies: Many of us believe that QM has 
erected procedural and psychological barriers to the deeper study of nature. 
Many of us believe that the search and inquiry into microscopic physical 
reality is not over. Many of us believe in the standing which Physics enjoyed 
during the Age of the Enlightenment. Of this time someone has said, ’’Physics 
has always been the intellectual fountainhead of the human race”. 

The standing of physics has declined during this century. The selection of 
careers in the Biological Sciences by many talented people who might have 
gone into Physics is due, I think, to the contemporary perception that that is 
where the intellectual action is. This is a reasonable development if QM has 
indeed specified the ultimate limits of efforts in the microscopic realm. 

If our attempts to go deeper into the QM realm fail in the laboratory, I for 
one will be satisfied to accept QM rather than some equivalent theory 
offering only philosophical comfort. 

We have not come here to bury QM and certainly not to praise it. Our aim 
here is, I think, to initiate actions, both theoretical and experimental, which 
could ultimately result in the digestion of QM by an as yet incomplete or 
unborn paradigm. Those who disagree with these aims embrace this 
approach because it also harbors the possibility for confirming the QM 
paradigm even more strongly then before. 

I will parade my prejudices now in order to make it easier for you to do 
the same in the daily final discussions. The formal presentation of previously 
prepared papers is the usual practice at meetings like this. In a field such as 
this, however, the oral discussions provide the best opportunities for direct 
confrontation of ideas, from which corrections, modifications, and syntheses 
can arise. It is usually the part of any meeting which is remembered longest 
and may have the most important influence on the future evolution of these 
ideas. 

I comment on six necessary characteristics which a post-QM paradigm 
might need to have which I think are important. I believe these 
requirements cannot be accomplished piecemeal because of their 
interdependence. We are all, I think, familiar with each of these 
requirements but I commend your consideration to how such difficult tasks 
can be accomplished simultaneously (or in a single theory). 

Generally, a new post-QM paradigm ought to solve the photon point-wave 
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conundrum and suggest experiments to test this. It ought to bring back 
pictures or images of physical reality. This would not be merely pictures of 
mathematical terms in equations such as we do have today. At the present 
time, such images for, say, the fundamental particles are ruled out if 
invariance is invoked or adhered to. Invariance is too useful and too 
important to be dumped, but it should be possible to retain it operationally 
while a Lorentzian approach is substituted for Special Relativity. 

This appears to lead to a fluid plenum (an ether) requirement, but one 
which supports relativistic invariance. This will permit the circumvention of 
the epistemological problem of retaining all of the results of STR (invariance) 
while simultaneously also permitting unique fluid (non-invariant appearing) 
models for the fundamental particles. 

I think that Einstein's greatest contribution is that he invented a new way 
of doing science. It consists of constructing a theory using axioms which may 
appear inconsistent, paradoxical, crazy, etc., but, whose deductions give 
confirmed experimental predictions while the axioms themselves are difficult 
or impossible to empirically demonstrate or understand. This method 
permits us to skip ahead of deficiencies in our determinate understandings. 

This method, of course, is the one also used in QM. Thus both STR and QM are 
in this way closely related so that any changes in the QM paradigm may need 
also to affect the STR paradigm. Even if a post-QM paradigm becomes 
established which satisfies the wishes of many of us, this kind of axiomatic 
structure possessed by QM and STR may still be useful for the even further 
task of skipping ahead in the presence of deficiencies of our future 
determinate understandings. 

The six characteristics I remark on are: 

1. Relativistic Invariance must be retained on an operational basis but the 
conundrum of the axioms of the Special Theory of Relativity (STR) should be 
solved with a crypto-deterministic formulation. I am personally committed 
to the ideas of Geoffrey Builder of the University of Sydney who in the late 
'50s and the '60s showed that a fluid plenum could explain and be used to 
derive all of the results of STR. It gave no results counter to or beyond STR 
and was meant, because of the clarity of its concepts, to be a teaching aid. To 
put it in a very small nutshell, this is a neo-Lorentzian approach which 
postulates a fluid plenum and declares that the velocity of light is equal to c 
only in the cosmological (or absolute) rest frame. In all other rest frames the 
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Lorentz contractions which are to be considered as literal, are such that the 
space and time distortions are unmeasurable inside these frames. The 
magnitudes of these variations occur to exactly the extent which makes the 
measurement of the velocity of light also appear to be c in all the 
non-cosmological rest frames. Thus the velocity of light as c is literally true 
in the cosmological rest frame and is operationally true in all the rest frames 
which are in uniform motion with respect to the cosmological rest frame. 

2. Since invariance is retained on an operational basis one may utilize 
fluids or some sort of ether to recover and provide the previously forbidden 
literal picturizable microscopic models for the fundamental particles 
(electrons, protons, photons, etc.,) The manifold continuous and discrete 
phenomena from the field of hydrodynamics should be of great heuristic aid 
here. 

3. The concept of non-locality ought to be utilized and turned into a 
practical concept by extending the meaning of metrics. Helmholtz, Poincare, 
and others have written on how space can be considered a subjective 
perception. If the metric of space is a relative matter then that which is local 
in one rest frame may appear to be non-local in another rest frame. Thus a 
photon may appear to be local only in its own (but not physically accessible) 
rest frame while it appears to be non-local in physical rest frames. In this 
way it will be discrete in both rest frames. 

4. A meaning should be found for the Psi and the related electromagnetic 
wave functions. It ought to include a logical explanation and also a 
set-theoretic interpretation for the imaginary number, i, and for imaginary 
exponentials. This is necessary because even a post-QM paradigm would try 
to make use of most of the techniques of QM wherever possible because it 
will be mainly in the post-quantum physical realm that the new paradigm 
would be most useful. In this way, the post-QM paradigm will obey a 
Correspondence Principle and efficiently utilize our past knowledge. Thus 
such a post-QM paradigm will not eliminate QM but will continue to use those 
techniques with the explicit explanation that the QM methods are simple to 
use in their field of action and were developed as very good ways of 
temporarily leapfrogging defects in our determinate understandings. Only at 
the limits of the quantum approach would the post-quantum approach begin 

to become useful. The necessity for meanings for the imaginary exponentials 
resides also in the conceptual integration which must occur between the QM 
and post-QM concepts. The logical and set-theoretic meanings for the 
imaginary exponential functions should provide this. 
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5. The first uses for the post-QM paradigm would be for the design and 
prediction of experiments in this realm. It is the only activity which will 
make possible the acceptance of the new paradigm. It should, however, be 
possible with such a theory to calculate the mass ratio of the fundamental 
particles, provide a physical explanation for the fine structure constant, and 
permit fluid models for each of the fundamental particles to be constructed. 
These models would then contain all those physical features which 
characterize the particle. These tasks are secondary however; many would be 
concerned with these matters only after acceptance of the post-QM 
experiments has occurred. 

6. Finally all the above would still have to be related to a physical 
mechanism for gravitation. Since, however, fluids would now characterize 
both space and the fundamental particles themselves, it should be possible to 
give gravitational attraction a fluidic mechanism. 

I close with an endearing comment made by Simon Diner at the end of a 
paper of his which has recently appeared. 


Don't worry, there is order behind all this chaos. 



THEORETICAL IMPLICATIONS OF TIME-DEPENDENT 


DOUBLE RESONANCE NEUTRON INTERFEROMETRY 


Jean-Pierre Vigier 

Institut Henri Poincare 
Laboratoire de Physique Theorique 
11, rue P. et M. Curie, 75005 Paris 


INTRODUCTION 

The purpose of this communication is to discuss the implications of 

neutron interferometric experiments on the possible interpretation of the 

quantum formalism. The most recent one, which is a time-dependent double 

resonance experiment performed by the Vienna experimentalists^ following 

2 

a suggestion of our group , has farreaching implications, which, as we 
hope to show, establish the validity of the causal Stochastic Interpreta¬ 
tion of Quantum Mechanics (SIQM) as the most adequate theoretical tool 
in grasping quantum ’’paradoxes M . This approach which follows the views of 
Einstein and de Broglie in their controversy with Bohr and Heisenberg, 

develops the model of de Broglie’s pilot wave theory and Bohm’s quantum 

4 

potential concept . This explains why, before we discuss neutron inter¬ 
ferometry, we find it useful to expose the basic ingredients of this 
model for an ordinary double slit situation. 


THE DOUBLE SLIT CONFIGURATIONS IN THE SIQM 

In the usual double slit configuration one is confronted with the 
quantum puzzle, that quantum objects (photons, electrons, neutrons, etc.) 
appear as particles on the screen while they simultaneously possess wave¬ 
like properties manifested by the intensity interference pattern. Adhe¬ 
rents of the Copenhagen Interpretation of Quantum Mechanics (CIQM) utilize 
this behaviour to argue in favor of a specific form of wave particle duali¬ 
ty : the complementary concept of wave or particle entity. In the two slit 
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experiment either we design an apparatus to observe interference, i.e. wave 
property (and thus forgo the description in terms of space-time coordina¬ 
tion) or we design an incompatible arrangement to determine the space-time 
motion (i.e. the particle property) and consequently exclude the possibi¬ 
lity of observing interference. The combination of the two is forbidden 
in principle and held impossible, by the complementarity "no-go" postu¬ 
late. The quantum description thus concerns only the statistical predic¬ 
tion of results in well defined experiments. The wave function \j> is the 
most complete description of an individual state that can exist : the 
probability of finding a particle at position Y* is given by if a 

measurement is made. Herewith is tied the concept of probability wave 
collapse in every measurement, in order to account for an instantaneous 

m 

reduction of the extended ip structure to a "point-particle" phenomenon 
when the measuring device intervenes. 

.34 

In the SIQM, originally presented by de Broglie and Bohm and re¬ 
cently extended by Vigier^ to include a subquantal random covariant Dirac 
aether^, different premisses exist : 

(a) the quantum mechanical description in terms of the wave is incom¬ 
plete in the sense of Einstein. 

(b) the description may be supplemented with real physical motions, i.e. 
trajectories of particles. 

(c) the wave particle duality is conceived as a concept which combines 
the wave and the particle aspect, the particle being a singularity which 
beats in phase with the wave^ in agreement with de Broglie T s pilot wave 
concept. 


The formalism utilized by the SIQM is equivalent to the standard 
quantum formalism since the Schrodinger equation 


■h 2A 

i Dfc 



~~ V Vx.t) -)-VCx.t) 


( 1 ) 


is 

and 


reinterpreted as follows. Writing = Rexp(i|i)and performing a real 

' rw 

imaginary part decomposition one obtains a Hamilton-Jacobi equation 


c>5 (VS) 2 _ y V * R - 0 

c) t 2^ 


( 2 ) 


and a continuity equation 

+ v(? ^) = o 
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We note directly that in the (H-J) equation a non-classical term appears, 
i.e. Bohm's quantum potential Q = - — which influences the particle 

motion in the quantum domain in a non-classical way. As can be readily 
deduced from the continuity equation the real average motions of the 
particle can be represented by trajectories derived from pT = VS, 


The entirely new features introduced by the presence of the quantum 
potential can be summarized as follows : 

2 . 

- It depends on the form of the wave function (since Q = -i- —- ) , not 

2xn 

on the amplitude and does not in general decrease with distance. This 
introduces a type of non-locality since distant effects are mediated 
through Q to the particle behaviour. 

- It depends (through the evolution of y> according to the wave equation) 
on the whole environment; the distribution of trajectories is altered by 
changes in the environment (e.g. opening and closing slits). 

- It depends on the quantum state. Particle trajectories are determined 
by their initial positions at t = 0, the structure of the environment and 
the initial quantum state. 

- In the many body case the quantum potential acting on each particle is 
a function of the positions of all other particles in addition to the 
above factors. This introduces non-locality and allows a description and 
explanation of quantum statistics in terms of correlated distinguishable 
particle motions. 



Fig. 1. Particle trajectories through two Gaussian slits. 
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A calculation for the double slit has been performed using the quantum 

8 

potential approach . The resulting trajectories are displayed in Fig.l. 
and the corresponding quantum potential in Fig.2. 



Fig.2 The Quantum Potential for the two Gaussian slits as viewed 
from the screen. 

The matching of the trajectory lines on interference maxima corresponds 
to the quantum potential flat maxima while the "kinks" in the trajecto¬ 
ries correspond to a particle traversing its deep peaked minima. The 
intensity distribution on the screen corresponds to the trajectory density 
distribution. We therefore get, via the quantum potential, a result where 
each particle travelling in the apparatus "knows" about or responds non- 
locally to the global structure of its environment, (e.g. the presence 
of two slits) . 

DOUBLE SLIT CONFIGURATIONS IN NEUTRON INTERFEROMETRY 


Neutron interferometry has recently become a powerful tool in 
testing the predictions of quantum theory and revisits the double slit 
problem in a modified version, which comes very close to the core of the 
trajectory plus interference problem. The Vienna group has conducted 
experiments with attenuated neutron beams so that one records self inter- 
ference of neutrons . In these experiments the quantum theoretical pre¬ 
dictions have been confirmed. 
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As we will now demonstrate, in analogy to double slit configurations, 
a detailed account of the individual microprocesses occurring within the 
interferometer is possible and is provided by the quantum potential inter¬ 
pretation. There is however a crucial novelty with respect to the double 
slit situations. Due to the presence of an additional degree of freedom, 
the neutron spin, we can namely show that if one accepts the energy-mo¬ 
mentum conservation in individual microprocesses, then one is inevitably 
led to accept that individual neutrons travel through one slit only. 

We shall show later that this point plays a crucial role in the 
discussion. For the Einstein-de Broglie school energy-conservation holds 
rigorously in each individual microprocess where the total particle energy 
(E = - 05/2>t ) is no longer equal to just the kinetic energy but is also 
determined by the quantum potential contribution. Equations of energy 
balance have to take this fact explicitly into account. Analogous reaso¬ 
ning leads to a generalized angular momentum conservation law as a result 
of the action of "quantum forces" i.e. quantum potential gradients and 
torques. This is not true for the CIQM. Heisenberg deduced from the un¬ 
certainty relations statistical conservation of energy-momentum but denies 
energy-momentum conservation in individual processes. To clarify this 
point, let us now treat the neutron interferometry experiments more ex¬ 
tensively. 


TIME DEPENDENT NEUTRON INTERFEROMETRY 

A strongly polarized monokinetic neutron beam (i.e. with the magnetic 
moments oriented in the +z direction perpendicular to the plane of the 
figure by an external magnetic field) enters the interferometer. The beam 
intensity has been reduced by chopping to 2-3 neutrons/second with a velo¬ 
city of 2073 ms" 1 (with an error bar - 1.4%). Since the compton wave 
length is ~ 10 cm this clearly establishes that only one wave- 
packet can be present at a time in a device (silicon monocrystal) ~ 10 cm 
long since its passage takes ~ 30 p-sec. Any detected neutron (with an 
efficiency > 99%) is thus observed long before the next has left its 
uranium atom within the pile. Observed interferences in such a situation 
clearly confirm that quantum particles (here neutrons) only interfere with 
themselves (since the neutrons are detected individually). For the sake of 
completeness we will present the three variations of interference expe- 
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riments starting from the static, time independent case. 


Experiment I (no spin-flippers operating) 

Individual polarized neutron waves (i.e. the incoming wave-packets) 

= J f z y are split by the Bragg planes of a first slab, a, cut in the 
monocrystal. This separation gives rise to two partial beams 

|T Z > and tftjj. = |f 2 > , the term e 1 *^ corresponding to the phase- 
shift induced by a movable rotating crystal (denoted by in Fig.3) 


RESONANCE FLIPPER 



Fig.3. Schematic arrangement of the radio frequency flip coils 
within the skew-symmetric neutron interferometer in the 
double resonance experiment. As indicated too, a Heusler 
crystal allows to analyze the polarization of the O-beam 
(with permission of H. Rauch). 


introduced to produce a controllable phase difference between the paths 
I and II which will yield modulations. A check is made to ensure that 
the crystal is pure enough (i.e. its Bragg planes are sufficiently pa¬ 
rallel) so that the waves ipj and tir have no observable energy dif¬ 
ference and suffer no modification of their t z polarization. With both 
spin-flippers turned off the wave packets and travel along both 

paths, are reflected on two slabs b and c, recombine on the slab d and 
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superpose (interfere) on two beams 0 and H (0 containing a supplementary 
polarizer) where they are detected in detectors and D Q . Independently 
of any interpretation, the quantum mechanical formalism has been shown to 
be entirely correct in this case, the superposition in 0 and H being mo¬ 
dulated with the phase shift ^ to give for the intensity 

X- C » 2 O + cosjf) (4) 

while the polarization remains in the +z direction i.e. 

V = (?x.?y,? 2 )- (O.O.H) (5) 

Due to Bragg reflection-transmission in d one obtains two sinusoidal in¬ 
tensity patterns for 0 and H, the maxima of 0 corresponding to minima of 
H and vice versa. 

This first (successful) experiment by the Vienna group has been 
extended in two ways : 

Experiment II (one spin flipper only) 

The first is to add to the set-up one radio frequency spin flipper 
only (represented by the coil I in Fig.3) which operates at 100% 

efficiency. As is well known (and as has been checked experimentally) 
practically every neutron ( > 96%) whose wave packet goes through 

such a spin flipper loses one photon to the coil by resonance,i.e. flips 
its spin to | lz.y> with a loss of energy AE = *K co r p = 2 p.B 0 , in the 
present set-up. The quantum formalism says that the superposition of 
Vi = e ijr -lt*> and ipX - yields a constant intensity along 

with a final polarization 

V = si-nCtOrffc-Jf ) >°) (6) 

so that each neutron emerging from the interferometer is polarized in the 
X-Y plane and has lost an energy AE/2. Here also quantum mechanics has 
been shown to be verified by experiment. 

Experiment III (two spin flippers) 

The second is to have two synchronized spin flippers working on both 
paths I and II simultaneously (Fig.3.). The quantum formalism implies 
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that the superposition on beams 0 and H is ] iz? + I iz> which yields 

the intensity 


1*2 (4 +cos (7) 

and the polarization 

? = (o,o,-i) (8) 

It is these predictions which have just been verified in Grenoble*. Each 
individual neutron has been shown experimentally to leave the interferome¬ 
ter with spin down (i.e. to have lost an energy /\E to the spin flippers) 
and also to have taken part in interference. 


THEORETICAL DISCUSSION 


In order to account for these experiments the original causal inter¬ 
pretation of the Schrodinger equation may be generalized following Bohm 

13 

et al. to include the concept of spin which can be interpreted in terms 
of well defined motions determined by the Pauli equation. The extra de¬ 
grees of freedom in the two-component Pauli spinor are given by the Euler 
angles 0 , , <j> which define a general state of rotation given by 

the spinor 


$ 


= -R 


i (ip +4>)/Z 


cos § e 

2 . 

uStnS e V ‘ T 


in terms of which the spin vector is given by S =- ^ 

of a Pauli spinor is then given by the Pauli equation 


(9) 


The evolution 


t*. ^ = Hi 

a t 


( 10 ) 


where H = — —j (¥-i~ A ) + y* (<?•$) + V w i th p' = ~ ^~ c » H the magn. field 


and $ as above. The equations of motion can be derived from the Pauli- 

13 

Hamiltonian as described by Bohm et al. , by introducing in addition to 

2 

the pair p = R , f/2 the canonical variables j>cos@ , . We then 

find 


|£ + V(pV) = 0 

i.e. a continuity equation, and a Hamilton-Jacobi type equation 


(ID 
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— ii ~$JP + — cos 9 >(v*’7) + Lrmv^ -f G( + = 0 

t z. 2. 


( 12 ) 


where v 


•fc. 


(+ cos 6.7^)-± A is the particle velocity containing 


spin contributions, Q 


2™ ' r ' fn 

— j?L- • is the usual quantum potential and 

^ Zvn 

H g + fe. cos 6(7-7)^ is a spin dependent addition to the quantum potential 
(which introduces a new spin-orbit coupling), with 


H s = r~ []f70) l +scn 2 0 C^^) l J 


2vr) 


-S- s 
vnc 


H 


(13) 


The equation of motion of the spin vector s can also be written as 


if.-fxZJ- (fi|) 

f i, TlXc v x ax £ J 


d,t 

-r7 


-> -» 
5 X H 


(14) 


“Vn c 


where the term — x Z^. ( f U t ) is an additional "quantum torque", which 

introduces a quantum mechanical precession of the spin vector. It is evi¬ 
dent from these equations that even in the absence of magnetic fields 
free spinning particle trajectories will not coincide with Schrodinger 
trajectories, nor will the orientation of the spin vector remain constant 
if the particle is in a non-stationary spin state. The spin dependent 
quantum potential and quantum torque are non-zero under these conditions 
since the spin orientation has non-zero spatial gradients 
With this general scheme based on the Pauli equation a detailed account 
of all three experiments can be given. In all cases we assume both beams 
to have a gaussian wave-packet profile. 


It has been shown that for experiment I both beams have the same 
spin orientation, e.g. ( ^ ) and the combined wave function possesses 
the same spinor symmetry and exhibits a spatial interference pattern. 

As a consequence the Euler angle 0=0, the spin vector has no spatial 
dependence and the spin dependent quantum potential and the quantum 
torque are zero. Every incoming neutron preserves its spin orientation 
in the constant external magnetic field and therefore the spin dependent 
part of the energy is conserved. 


The quantum potential and associated ensembles of trajectories may 
be calculated numerically by adopting a simple model in which the action 
of the sets of crystal planes is simulated by a square potential 
barrier^. In Fig.4. we plot the effective potential (quantum potential 
plus classical square barrier) for the symmetric case (equal intensity in 
0 and H beams) . 
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Fig.4. The effective potential at the last set of crystal planes, 

symmetric case. The severely modified square potential can be 
seen across the centre of the figure. 


The effect of this potential is shown in the trajectories plotted in Fig.5 


OPlES-PHSHlG 


Fig.5. The trajectories associated with Fig.4. The horizontal lines 
indicate the position of the square potential barrier. 








NEUTRON TRAJECTORIES PHSHlb 


Fig.7, The associated trajectories with Fig.6 


no trajectories cross the potential barrier. Rotating the phase shifter 
plate changes the relative phase of the beams and the quantum potential 
develops in a markedly different manner as shown in Fig.6. 


Fig.6. The effective potential which produces a maximum intensity 
in the H-beams. 


This effective potential produces trajectories as shown in Fig.7. in which 







most initial positions with an appreciable probability of occupation lead 
to trajectories which enter the H beam. Thus the fate of any individual 
neutron is decided at the outset by its initial position in the beam and 
by the configuration of the apparatus. 

In Experiment II where a r.f. spin flipper operates in one of the 
beams the situation is quite different. A detailed calculation shows^ 
that due to the different partial beam spinor symmetry the combined wave 
function does not exhibit spatial interference despite the phase diffe¬ 
rence between the beams. The trajectories are similar to those of Fig.5. 
But the Euler angles Q and $ have a spatial variation and therefore 
the spin dependent addition to the quantum potential and the quantum 
torque are non-zero. The beams emerging from the interferometer have defi¬ 
nite spin vectors with e= ir /2 and i> = in agreement with 

quantum predictions and experimental results. Originally spin-up or spin- 
down vectors in the partial beams are twisted to the horizontal position 
(x-y plane) by the quantum torque, as shown in Fig.8 where we plot 0(z,t), 
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Fig.8. The polar orientation angle 0 of the spin vector plotted 
on a mesh of points (z,t) in the region of the last set of 
crystal planes. 










































and have opposite directions depending on which partial emerging beam the 
neutrons enter when leaving the superposition region. We consider now the 
question of energy and angular momentum conservation in each individual 
microprocess. A statistical conservation of both quantities is always 
guaranteed : before superposition there is an average value of total spin 
zero ( f , l ) ; afterwards the spins in the forward and deviated beams 
lie in opposite directions in the xy plane. But in the causal interpreta¬ 
tion, where definite trajectories exist for the spinning particles, the 
total angular momentum is also conserved in an individual passage of a 
neutron since the quantum torque rotates the spin vector from the +z or 
-z direction into the xy plane in the region of superposition. Similar 
reasoning applies to energy conservation. Every neutron entering the 
interferometer in the spin up state has a definite energy in the external 
magnetic field. If it goes through the partial beam with no spin-flipper 
an energy of ( -'ka> r p/2. ) is supplied by the spin dependent quantum 
potential so that an energy balance is established in the horizontal posi¬ 
tion in the superposition region. If on the other hand the neutron passes 
through the spin flipper and loses an energy AE = tvco r p it gains an 
energy tvcx) r (i/2 due to the spin dependent quantum potential so that 
an energy balance is again established. This picture thus goes beyond just 
an average energy conservation, which is of course also valid due to the 
equal relative frequencies of neutron passages through each of the two 
partial beams. 

In Experiment III we have one rf spin flipper operating in each of 
the arms of the interferometer. A calculation using our general scheme 
shows that due to the equal partial-beam spinor symmetry (both spinor- 
waves are inverted) the combined wave function exhibits spatial inter¬ 
ference modulated by % and no interference in the spin-polarization. The 
trajectories and quantum potentials are shown in Experiment I. The Euler 
angles 9 and ^ have no spatial variation and therefore, exactly as in 
Experiment I, both the spin dependent quantum potential and the quantum 
torque vanish. Angular momentum is absolutely conserved individually and 
statistically in a "classical" way since quantum torque effects are 
absent. In fact every neutron that enters the interferometer with spin 
is found with spin in the superposition region due to the sx H 
term operating in the spin flipper. 

The two states I ti> and differ b y ^E ='f)t0^whi c h is exactly the 
resonance energy-exchange with the spin-flipper. Since this energy is 
exchanged with only one spin flipper, due to the resonance exchange 
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condition, it seems to us that we have direct evidence of a neutron 
passage through one of the arms of the interferometer. Since no actual 
(irreversible) measurement takes place, we are of course not in a position 
to say through which spin-flipper the neutron has passed, but we can ne¬ 
vertheless state that the neutron has passed through one coil or the 
other. In order to understand what is happening inside the interferometer 
it is thus necessary to employ both the wave and particle aspects of 
matter in the same experiment, and the quantum potential approach allows 
one to consistently do this. Whilst spatial interference exists, energy 

conservation implies a particle passage through one of the interferometer 

2 

arms. This is precisely the reason why we proposed this experiment. We 
follow the neutron as a particle in the interferometer and observe inter¬ 
ference, since the spinor wave propagates at the same time through both 
arms of the apparatus. 

Our model accounts realistically for all three experiments, preser¬ 
ving a spacetime coordination of events as well as the strict validity of 
the conservation laws. Reality is non-separable in the sense that the 
quantum potential and quantum torque are context-dependent, but this same 
reality is analyzable and intuitively comprehensible, at least in princi¬ 
ple . 


A MACROSCOPIC QUANTUM BEAT PHENOMENON 


An interesting variation of experiment III was performed by driving 
asynchronously the two resonance coils, namely by introducing two slightly 
different frequencies (JDyv, and U) rjL . The conditions for a spin flip opera 
tion are still fullfilled due the broad resonance curve, i.e. 

Ac jO= | <*>*,“ where ScjO,j/£ is the halfwidth of the resonance 

curve. Hereby the wave functions of the two partial beams are respectively 
modified in approximately the following way (we neglect the constant phase 
shift ~ iAtO-At due to the finite time of flight of the neutron in the 
coil) 




GO -CO Kl ) 




i by t 



e t(«0-Wr,)fc Ui> 


05) 


and the resulting intensity modulation has the following form 


X «• ( A + cos [*+ Acu t] ) 


(16) 
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This time dependent pattern which describes a quantum beat phenomenon 
possesses a sensitivity up to 10 eV for macroscopic time scales, and 

offers itself as a measuring process of extremely small energy differences 

for diversified applications^. 


We will not insist on this remarkable verification of quantum laws, 
but we will briefly comment a second aspect which is manifest in these 

quantum beat phenomena and turns out to be very important for the inter¬ 
pretation of quantum mechanics although it has so far been neglected 
in the discussion. Let us follow explicitly the processes in the inter¬ 
ferometer. The quantum formalism implies that the neutron obtains the 
additional phase factor corresponding to AEj = if it passes 

through path I or if it goes through path II. However 

since we measure a spin down at the exit of the interferometer we know 
that the neutron has lost an energy AE = 0 Kuu r = 2 due to spin 
inversion. Since we know that Ct) r differs from cjO^ and tO we can 
conclude that the missing energy |AE-AEj| or IAe- AE^I must have been 

converted to the kinetic component. The fact now is that this kinetic 

. -4 

energy difference, which lies well below the monochromaticity Ac^lO eV 
of the beam^, is detectable by means of the beating frequency of the inten¬ 
sity. This has the following implications : (a) An energy value below the 
energy uncertainties of the beam is directly measurable showing thus im¬ 
plicitly the reality of definite energy values below the uncertainties. 

(b) The criticisms formulated on the basis of energy uncertainties against 
a possible measurement of the in the synchronized experiment III 

are herewith invalidated. In fact this argument was based on the fact that 
tvoOrf «AE gS and here a value )« Kco r p has been experimentally 

detected. Furthermore another argument is invalidated according to which 
energy transfers below the uncertainty limit do not produce collapse be¬ 
cause they do not constitute a quantum measurement^. In fact here an 
energy below AVs detected and no collapse occurs nevertheless.(c) Since 
the varying kinetic energy is at the origin of this beat effect, one can 
deduce herefrom the reality of the kinetic energy variation and impli¬ 
citly the reality of the spin-flip energy transfer which both result from 
the passage of the neutron through one resonator only, establishing thus 
the existence of spacetime paths in the interferometer. 

This qualitative discussion must be supplemented by a calculation 
of the quantum potential dependence and the trajectory formation in the 
interferometer. By doing so we can see how the time dependence of the 
quantum potential shifts the trajectories from the 0 to the H beam and 
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back as a function of Act) and the time and describe this effect in terms 
of causal space time trajectories and definite spin values. We leave this 
task for a future publication. 


CONCLUSIONS 


We conclude with a simple reasoning which can be summarized in the 
following points for the double resonance experiment. 

1. This set-up never contains more than one neutron at a time. In fact 
each time a neutron is detected the next one "is still confined in the 
nucleus of the reactor fuel"*. 

2. Each neutron enters the interferometer with its spin (magnetic moment) 
oriented upwards i.e. parallel to the constant magnetic field in which 
the whole set-up is imbedded. 

3. Each neutron leaves the set-up (and is detected by one of the detec¬ 
tors) with its spin oriented downward i.e. antiparallel to the constant 
magnetic field. As a consequence it has lost an identical quantum of 
energy AE = tvCO r ^ . 

4. Now let us assume 

a) with Einstein and de Broglie that the neutron 1 s energy and impulsion 
(i.e. mass multiplied by velocity) are always conserved in all micro¬ 
processes where there is an exchange of energy. 

b) with Einstein and Bohr that all exchange of energy is tied with the 
"particle" aspect of matter. 

c) that in an individual exchange of energy a resonator can absorb quanta 
in the resonance frequency only. 

Then one must accept that this exchange of energy Ku) r f i.e. the 
manifestation of the neutron 1 s particle aspect, has necessarily happened 
in one o_r the other spin-flipper (i.e. in one spin-flipper only) but 
not in both spin-flippers simultaneously because this would violate the 
resonance condition. 

5. Since the third experiment has shown that each individual neutron 

localized itself on an interference pattern, i.e. according to point 1 

that it interferes with itself in Dirac 1 s sense one can conclude following 

Rauch 1 s own terms : "At the place of superposition every neutron has the 

information that there have been two equivalent paths I and II through 

the interferometer, which have a certain phase difference causing the 

18 

neutron to join the beam in the forward or deviated direction" 

6. From the combination of points 4 and 5 one deduces that between the 
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source and the detectors each neutron manifests itself as a wave (because 
of the interference) and as a particle (because of the loss of energy) 
simultaneously. In other terms each neutron is a wave and a particle si¬ 
multaneous ly. 

7. From point 6 one deduces that between the source and detector the 
wave representation of the neutron as , then <p x and , then 

and <p H is correct but no complete since it does not contain the fact 
that each neutron has manifested itself in one of the spin-flippers. 

To quote Rauch again:"This experiment shows explicitly that the inter¬ 
ference properties of (pj and ipg can be preserved even when real ex¬ 
change of energy has occured : which is intuitively a measuring 
18 

process" . 

If one recalls that for the Copenhagen Interpretation all measure¬ 
ments imply an instantaneous collapse of the wave packets one could 
suggest that in CIQM the apparition of the neutron in spin flipper I or 
II would instantaneously destroy (p x or and thus destroy the 

observed interference. In SIQM, on the contrary, the neutron moves in one 
packet ( or Vi ) only the other ( or (p x ) being empty of 

the particle aspect of matter. 

This reasoning implies that if one accepts absolute energy momentum 
conservation in all cases (an assumption which evidently corresponds to 

i 

a fundamental postulate of physics) then one is forced to admit that 
Einstein was right in the Bohr-Einstein controversy. 
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INTRODUCTION 

In this paper we present a series of computer calculations carried 
out in order to demonstrate exactly how the causal interpretation works in 
specific cases. In this way we show how the causal interpretation can 
account for the essential features of single and two particle non- 
relativistic quantum mechanics, including spin, in terms of well defined 
individual particle motions. 

Quantum mechanics only presents great difficulties for those who 
believe that the task of physics is to describe the structure of the 
material world. For quantum phenomena seem to defy the imagination and our 
intuitive notions about how matter behaves, structured by classical physics, 
do not appear to serve as useful guides when attempting to conceive the 
structure of the quantum world. The fact that "classical" notions of the 
world, instead of clarifying our experience, only lead to ambiguity, when 
we attempt to conceive what may lie beyond the statistical predictions of 
the theory, reflects the deep crisis that quantum mechanics has bought 
about. Of course it is fair to say that many physicists, who have "learned 
to stop worrying and love the statistics", would deny the existence of such 
a crisis. If pressed with questions of interpretation these physicists 
tend to resort to some variation of the Copenhagen interpretation. But how 
many are really prepared to accept the consequences and to give up any 
possibility of understanding the statistical predictions of quantum mecha¬ 
nics in terms of some underlying reality? How many are satisfied by Bohr’s 
resolution of the difficulties in terms of a particular restrictive epis¬ 
temology; that is a particular opinion about how we come to know and what 
it is possible to know; or Wigner's idea that consciousness must be intro¬ 
duced in order to make anything definite; or Everett’s idea of multiple 
splitting universes. Is quantum mechanics just an abstract formalism for 
connecting the statistical results recorded at the presumably unproblematic 
classical level; or is it indicative or a new order in the structure of 
the material world; that is a new ontology. 

THE CAUSAL INTERPRETATION OF QUANTUM MECHANICS 

One way of exploring a possible underlying structure is through the 
causal interpretation, proposed by de Broglie 1 and rediscovered by Bohm in 
1952 2 . In this context the wave function is not held to exhaust the 
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possibilities of description of individual systems, but does, as usual, 
encompass the limits of prediction. This approach allows a description of 
quantum phenomena in terms of well defined individual particle motions, the 
statistics have no special status and neither does measurement. The dis¬ 
turbance caused by measurement can be analysed, but not avoided, and the 
Heisenberg uncertainty relations are interpreted as statistical scatter 
relations which arise in the repeated measurement, on similarly prepared 
systems, of well defined variables. It is assumed that a particle, an 
electron for example, has a well defined position, momentum and spin vector 
at all times. In addition the particle always has an associated ip wave. 

The evolution of the particle coordinates depends on the form rather than 
the amplitude of the associated wave, as can be seen from the equations of 
motion derived from the appropriate wave equation. As we shall see these 
equations show that the particle is acted on by new forces and torques 
which account for the observed quantum phenomena and distinguish classical 
from quantum behaviour. The specific calculations presented here show 
clearly the new features that this description entails. 

As an illustration of the causal interpretation of the Schrodinger 
equation we present detailed calculations of the individual particle 
motions associated with the scattering of Gaussian wave packets from square 
potentials. Since the many body case introduces some new features we then 
illustrate the interdependence of the motions of two particles contained 
within a harmonic oscillator potential. 

In order to illustrate the causal interpretation of spin we present 
detailed calculations of particle trajectories and spin vector orientations 
during a simple spin superposition process and during the passage through 
a Stern-Gerlach inhomogeneous magnetic field. This latter interaction 
amounts to what is usually called a measurement of the spin. We then apply 
the interpretation in the two body case to describe the spin correlations 

• • *3 

predicted in Bohm ! s version of the Einstein-Podolsky-Rosen experiment . 

THE CAUSAL INTERPRETATION IN THE CONTEXT OF THE ONE PARTICLE, ONE 
DIMENSIONAL, TIME DEPENDENT SCHRODINGER EQUATION 

In order to illustrate the interpretation of the one particle 
Schrodinger equation, the process of scattering from square potentials has 
been chosen since it exhibits so many of the essentially quantum features 
of matter. In introductory texts this subject is usually treated in terms 
of plane waves using the time independent Schrodinger equation to calculate 
transmission and reflection coefficients. Thus it is, for example, that a 
finite transmission probability can be calculated even when the incident 
energy of a particle is less than that of the potential barrier from which 
it scatters. But how can this tunnelling be explained? What has happened 
when an individual particle appears on the other side of the barrier? 
(According to Bohr this is not a meaningful question, but let us put Bohr 
asied and consider it.) 

Evidently any process requires a time dependent description and the 
solution of the time dependent Schrodinger equation in the presence of 
various scalar potentials is very important, since many essential quantum 
phenomena are exhibited in such processes, such as; interference in the 
formation of Weiner fringes in front of potential edges; particle reflection 
at potential edges; penetration into and tunnelling through classically 
forbidden regions, and so on. Further more, simple models may be cons¬ 
tructed, within this context, of more complex phenomena such as alpha 
emission, propagation in crystal lattices and interferometers and the like. 

Some years ago Goldberg et al 4 produced several computer generated 
motion pictures which displayed the development in time of the probability 
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density during the scattering of Gaussian wave packets from various square 
potentials. However, the description of the phenomena in terms of the 
probability density, although illuminating, does not in fact aid the under¬ 
standing of what may be happening on an individual basis. However, their 
numerical methods can be adapted for exactly this purpose within the frame¬ 
work of the causal interpretation and computer movies of particle tunnelling 
through potential barriers, for one example, have in fact been produced 5 . 


The evolution of the wave function is given by Schrodinger 1 s equation 


- ti 2 V 2 1|J + Vi|j = itichp 

2m 81 


which with the substitution i p 
The first 


Re 


iS/fc 


may be separated into two equations 


q + (vs) 2 + v = - as 

2m 31 


can be interpreted as a Hamilton-Jacobi equation, in which the particle 
velocity V is given by VS/m and Q is an additional quantum potential where 

Q = V^R 
2m R 


The second may be interpreted as a continuity equation 

8p + V.(pv) = 0 

31 

where p = R 2 . 

The algorithm developed by Goldberg et al and referred to above, can 
be adapted to provide a causal description of the quantum features of the 
processes associated with square potentials in terms of well defined 
individual particle motions. Thus a motion picture can be produced which 
shows exactly what is happening to an individual particle as it scatters 
from the potential. 

In order to solve for the individual particle motions it is necessary 
to specify the initial position of the particle and the initial form of 
the wave function. Since the numerical method then furnishes R and S for 
all x and t a simple procedure allows the determination of the particle 
trajectory from 

mdx = VS 
dt 

In the following the initial wave function is assumed to be of 
Gaussian form 

ip Q (x) = exp [-(x-0.5) 2 /2o q 2 ] exp(ik Q x) (1) 

in arbitrary units where h=l, m=0.5. The initial momentum k and the width 
and magnitude of the square potential barrier are chosen to produce a 
transmission coefficient of one half. In this case the initial particle 
energy is 0.8V and so "classically" any particle with this energy would be 
reflected. The quantum potential approach as applied here gives a clear 
picture, in terms of individual particle motions, of how some particles 
become reflected and some "tunnel through", depending on their initial 
position. Here the results of the numerical integration are displayed at 
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a number of time steps during the scattering in figure one. Each frame 
from the motion picture shows the probability density (dotted line), the 
square potential (dashed line), the effective potential ie the square 
potential plus the quantum potential, (solid line). Also displayed are 
the position and kinetic energy, (VS) 2 /2m, of a range of possible particle 
motions. The horizontal position representing motion along the X axis and 
the vertical position the particle energy. From this set of frames alone 
it can be seen that the process of tunnelling arises as a result of the 
severe modification of the classical potential brought about by the quantum 
potential. In particular the quantum potential is negative in the region 
of the barrier and so it may be possible for a particle to have sufficient 
energy to pass through this region. The outcome in an individual case 
(remember we are discussing an ensemble of single particles) depends on 
the (uncontrollable) initial position of the particle within the wave 
packet. It can be seen that all those particles that start from a position 
in the forward part of the wave packet enter the transmitted beam whereas 
those in the trailing part are reflected. As is clearly shown in figure 
one it is the development of a series of steep peaks and troughs in the 
quantum potential that accounts for the process of reflection and depending 
on its initial position a particle may be reflected some distance in front 
of the classical potential. 

It should be emphasised here that the assumption of a particle tra¬ 
jectory avoids all the usual problems associated with "wave packet collapse". 
The particle is either transmitted or reflected in each individual scattering 
quite independently or whether we set up some detecting device to establish 
what happend or not. The causal interpretation thus provides an accessable 
model of what happens during an essentially quantum phenomenon, tunnelling. 

It does this simply by assuming that the particle exists with well defined 
coordinates and is associated with a \p wave. It is not necessary to intro¬ 
duce any further assumptions such as wave packet collapse or many worlds. 

r 

The description given here can be extended to give an account of the 
motion of neutrons in a single crystal interferometer such as has been 

•y 

used by Rauch to test fundamental quantum phenomena. A simple model of 
such a device can be constructed by considering each set of crystal planes 
to be replaced by a semi-transparent surface (see figure two). Further, 
the important component of the motion is perpendicular to the surface. The 
description given above then represents what happens at the first two sets 
of crystal planes. Two wave packets then converge on the last set of 
crystal planes and in order to simulate what happens here we simply need 
to alter the initial wave function in the numerical integration programme 
and initiate two sets of initial particle positions on either side of the 
potential as representatives of the possible individual particle motions. 

Thus we replace \p of equation one with 

ip^(x) = exp[-(x-0.5) 2 /2a Q 2 ]exp (ik Q x)+exp[-(x-1.0) 2 /2a Q 2 ] 

x exp[-i(k Q X+(j)) ]exp(ix) 

where x is the variable relative phase shift between the two packets and 
(j) a constant symmeterising phase factor. Figure three shows a set of 
frames from the motion picture produced for this process in the symmetric 
case in which each emerging beam has the same intensity. Figure four shows 
a set of frames when the relative phase is adjusted by tt/2. Clearly the 
development of the quantum potential is no longer symmetric, the assymetry 
leading to nearly all the representative particles emerging in one beam. 

NON-LOCALITY AND THE CAUSAL INTERPRETATION OF TWO PARTICLE MOTION 

The two particle Schrodinger equation can also be interpreted within 
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Fig.l The effective potential (solid line), the classical potential 
(dotted line) and a set of representative single particle positions and 
energies during the scattering of a Gaussian wave packet from a square 
potential barrier. Vertical scale represents energy, horizontal position. 



Fig.2 The neutron interferometer, crystal planes replaced by semi¬ 
transparent surfaces. 
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Fig.3 The effective potential (solid line), the classical potential 
(dotted line), and a set of representative particle positions and 
energies during the scattering of two Gaussian wave packets from a Square 
potential barrier. Relative phase % = ^/z. A simple model of the 

neutron interferometer. 
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Fig.4 The effective potential (solid line), the classical potential 
(dotted line), and a set of representative particle positions and energies 
during the scattering of two Gaussian wave packets from a Square potential 
barrier. Relative phase ^ =ff. 


25 






















































the framework of the causal interpretation. Writing 


t t-j/ iS(xi,X 2 ,t) 

we find 

“hi Vi 2 R -h^_ V 2 2 R + (ViS) 2 + (7cS) 2 + V = ~3S 
2m R 2m R 2m 2m 31 

a two particle Hamilton-Jacobi equation, and 

9p + Vi.(pvi) + V 2 • (p v^2) = 0 

at 

a continuity equation, where 
p = R 2 

vi = ViS/m V 2 = V 2 S/m 

and Vi and V 2 operate on coordinates one and two respectively. Evidently 
the quantum potential acting on particle one, say, depends not only on the 
coordinates of particle one but on those of particle two as well. The 
velocities also show this inter-relationship. 

In order to illustrate the conditions under which this inter¬ 
relationship becomes significant consider the case of two particles in a 
harmonic oscillator potential 8 . A wave packet solution may be constructed 
for the motion of a single particle in such a potential which is, 
incidently, non-dispersive. 

*Kx,t) = exp(-iwt)exp [-|(x-X Q Coswt) 2 ] x exp[ \ i(ix Q 2 sin2wt-2xx o sinwt)] 

Assuming that there are two particles, one in each of the packets 4> a and 
ipfo 9 centred initially at x q and -x respectively, then there are three 
possible wave functions that may be written. These are: 

^MB = a MB (xi,t) h (x2>t) 

^BE = a BE ^ b (x2,t) + ^ b (xi,t) ^ a (x2,t)] 

<f> FD = a FD ” i^ b (xi,t) (x 2 ,t)] 

where the a f s are normalisation coefficients. 

Now in the first case the wave function is a simple product and it is 
fairly evident that the factorisable wave function enables the two particle 
Schrodinger equation to be itself factored into two separate one particle 
equations. The same is true of the equations of motion derived in the 
causal interpretation and hence each particle exhibits, independently, the 
motion of a single particle in a harmonic oscillator potential. The 
trajectories are shown in figure five. 

The other two wave functions correspond to those written when the two 
particles are said to be indistinguishable, being symmetric (the Bose- 
Einstein case) and anti-symmetric (the Fermi-Dirac case). Of course the 
particles can only be considered to be indistinguishable when the two con¬ 
stituent wave packets overlap. When they do not the particles are in 
principle distinguishable by their histories. In the causal interpretation, 
of course, the particles are always distinguishable, in analysis if not in 
practice, and hence the different statistics they obey cannot be accounted 
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Fig.5 Particle trajectories for two particles in a harmonic oscillator 
potential with a factorisable wave function. Maxwell-Boltzmann statistics. 



Fig.6 Correlated pairs of particle trajectories for two particles in a 
harmonic oscillator potential symmetric wave function. Initial position 
of particle one is the same for a range of initial positions of particle 
two. Bose-Einstein statistics. 
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PARTICLE TRAJECTORY-VARIANCE OF WAVE PACKETS | 

Fig.7 Correlated pairs of particle trajectories for two particles in a 
harmonic oscillator potential, anti-symmetric wave function. Initial 
position of particle one is chosen to be the same for a range of initial 
positions of particle two. 
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for by reference to indistinguishability. Instead, as is demonstrated here, 
the different statistics arise as a result of the development of the two- 
body quantum potential which depends on the wave function assumed. 

Figure 6 shows a set of correlated pairs of trajectories, for the 
symmetric wave function (j)g£, in which the initial position of particle one, 
xi(0), is chosen to be the same for each pair of trajectories whilst the 
initial position of particle two, X2(0), is different in each case. It is 
very clearly shown in the form of the correlated trajectories that the 
motion of each particle depends on the position of the other. In figure 
seven we plot the correlated trajectories that arise from the anti-symmetric 
wave function (j)^. The initial positions are chosen as for the symmetric 
case and clearly the different wave function introduces a different form 
of correlation, in which, on the average, the particles tend to stay further 
apart. It should also be noticed that the magnitude of the effect is only 
appreciable in the region of overlap between the two wave packets i p a and 
. This is understandable since the different statistics arise from the 
interference terms. In this case then the strength of the non-local inter¬ 
action depends on the amount of overlap between the two wave packets. This 
is interesting since it tells us that the fate of particle one, for example, 
will not be appreciably altered by what happens to particle two when we can 
be sure that they are separated. In the example studied here then we may 
say that when the particles can be distinguished, according to the 
definitions of the usual approach, we can expect no non-local correlation 
of their trajectories. Whereas when they become indistinguishable, by 
virtue of the overlap of the two wave packets, non-local correlation will 
arise. According to this discussion non-local interaction between the par¬ 
ticles, in the causal interpretation, only exists in those case in which 
the particles cannot be said to be definitely separated in space in the 
usual interpretation. 


In the example of correlated particle motion suggested by Einstein, 
Podolsky and Rosen (EPR) 9 the wave function that they proposed is 



r 


dk 2 

« 


S(k 1+ k 2 )e 2lri(klX1+k2X2) e" 2wik2d = 

« 


2Triki (xi-X2+d) 


This wave function implies that measurement of the momentum of one of the 
particles allows us to deduce that of the other: ki=-k 2 . Also measurement 
of the position of one of the particles allows us to deduce the position 
of the other: xi=X 2 _ d. The essential point of EPR f s argument, (at the time), 
was that we may choose whether to measure the momentum or the position of 
particle one, say and hence infer the value of the momentum or position of 
particle two, without interacting with it at all. EPR then argued that if 
we can, in this way, predict with certainty the values of these quantities 
of particle two then they must be pre-existent. That is the particles must 
possess a well defined position and momentum, even before the measurements 
are carried out. Furthermore the above reasoning is independent of how far 
apart the particles actually are, the correlation should exist to infinity. 
Their conclusion was that the quantum mechanical description of reality 
through the wave function is incomplete. 


From the point of view of our discussion of the two particles in the 
harmonic oscillator potential we can see that, in the EPR case, the cor¬ 
relation between the particles exists to infinity, as a result of the par¬ 
ticular wave function assumed. In particular the particles, in the state 
defined by them, cannot be considered to be separated in space in the usual 
approach, and hence a non-local connection can be expected to exist in the 
approach of the causal interpretation. It can be seen then that the use 
of spatially infinite waves by EPR is responsible for the distance inde¬ 
pendence of the correlation. As has been pointed out by de Broglie 1 , it 
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is this feature that enabled Bohr 10 to reply to the problem posed by the 
EPR example. Further on we examine the same problem from the point of view 
of the version of the EPR argument proposed by Bohm, dealing with a corre¬ 
lation between the particles* spins, we conclude that even when the par¬ 
ticles 1 spatial packets do not overlap, a non-local correlation may still 
exist between the spins. In the next section we discuss the interpretation 
of the spin in the single particle case. 

THE CAUSAL INTERPRETATION IN THE CONTEXT OF THE PAULI EQUATION, THE 
TREATMENT OF SPIN 


In the usual interpretation spin is simply treated as an empirically 
required addition to the angular momentum. It is argued that no intuitive 
model is possible, which can provide an understanding of quantum phenomena 
associated with the spin. (This is the case for all quantum phenomena in 
the usual approach.) Since the operators for the components of the spin 
along three mutually perpendicular directions ( s x , §y, § z ) do not commute, 
it is argued that they can not be simultaneously well defined. As is 
usually the case, the value of a quantity, in this case the spin component, 
does not become definite until a measurement "throws" the system into an 
eigenstate of the observable being measured. 

The causal interpretation can be extended to include the description 
of spin, as has been demonstrated by Bohm et al 11 and also by Takabayasi 12 . 
More recently it has been shown how the causal interpretation of spin 
actually works in a series of specific calculations, which show explicitly 
the continuous motion of the well defined spin vector during a spin super¬ 
position experiment 13 and during the passage through a Stern-Gerlach 
measuring device 14 . 


In the causal interpretation the Pauli spinor is interpreted as de¬ 
fining the state of rotation of a body in terms of the Eulerian rotation 
angles 0,4>,X» relative to a standard spinor (o) defining a z direction, 
according to 

ix/2 Icos0 e 1(j)/2 




Re 


isin0e“^^^ 


( 2 ) 


The spin vector is defined to be 


s = h 
2 


The Pauli spinor evolves according to the equation 


ih = Jili Cu _ ii A) 2 + + eA o + V l ’f’ 

3t 1 2m y he - j 

where A(z,t) is the external vector potential, ]3 = VxA, A q is the 
external electric potential and V any other scalar pot, and 
the velocity of the particles is given by 


(3) 


v = h .Vi p + cos0V(j) - e k^ 
m C “2 ~~2 he ; 


The equations of motion can be derived by direct substitution of 2 in 3 and 
are 

h ,3y + cos03(K + lmv 2 + Q + Q g + 2 /j ]3.j3 + eA Q + V = 0 (4) 

~2 (jit 2 _ h 

a Hamilton-Jacobi equation. 
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Where 


is 


is 


Q = -hf_ V^_R 
2m R 

the quantum potential and 

Qs = h 2 [ (V0) 2 + sin 2 0 (V<j>) 2 ] 


a 


8m 

spin dependent 
h + cos03<J) 

2 <Tt Tt 


> 


addition 


The total energy is given by 


The equation of motion of the spin vector can be written 

ds = 1__ _s x 3 . (p&JjO + ,B x _s (5) 

dt mp h 

where the first term on the r.h.s. is an additional quantum torque and p=R . 
the continuity equation is 

3p + V. (pv) = 0 

Tt “ 

From the equations of motion (4), 5 and 6 it can be seen that even in the 
absence of magnetic fields, free spinning particle trajectories will not 
be the same as Schrodinger trajectories nor will the spin vector orientation 
remain constant if the particle is in a non-stationary spin state. 

PASSAGE THROUGH AN INHOMOGENEOUS MAGNETIC FIELD: THE STERN-GERLACH 
APPARATUS 

In the usual approach it is said that when a component of the spin is 
measured, along z say, the system is "thrown" into an eigenstate of the 

A 

corresponding operator, S z = h/2a z . However the effect of such a measure¬ 
ment is to disturb the other x and y components which become indefinite, 
and hence the spin cannot be considered to be well defined even after the 
measurement has been carried out. In the following we demonstrate how the 
causal interpretation can account for these features of the quantum des¬ 
cription in terms of a well defined but continuously variable spin vector. 

We represent the initial state, of an atom with an angular momentum 
of h/2, by the spinor wave function: 

ip Q (z) = f Q (z){c + u + + c_ u_} 

where c + and c_ are unknown real coefficients, f Q (z) a localised packet, 
u + = (o) and u_ = (i) which we assume to be of Gaussian form. 


Writing 


iS + /h 


iS-/h 


the initial orientation is 


0 cos 1 (Ic+ 
o 1 


= S +“S_ 


TT 

2 
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X = S + + S_ - TT 
° h 2 

Solution of the Pauli equation with the appropriate interaction Hamiltonian 
yields ip(z,t). The velocities and orientations of a set of representative 
single particle motions can then be calculated for various choices of the 
parameters c+ and c_. Figures 8 and 9 show the spin dependent trajec¬ 
tories, the field of orientations 0(z,t) and <j>(z,t) respectively for the 
choice c + = c_ = (0.5)2. This illustration demonstrates explicitly that 
it is possible to describe the process in terms of well defined particle 
motions. Clearly the quantum torque aligns the particle's spin vector 
parallel or anti-parallel to the field. Which of the two alternatives is 
actually realised in a particular case depends on the actual initial values 
of the hidden variables of both the system (here the spin vector direction) 
and the apparatus (here the particle position, since by observing this we 
can deduce the value of the spin). In the particular example described 
here the spin dependent quantum potential splits the packet at its centre 
and as the two packets separate the quantum torque rotates the spin vector 
to align parallel or anti-parallel to the analysing field. Thus in the 
causal interpretation s = h (0, 0, 1). 

2 

Evidently, in this description the outcome of the measurement is related 
deterministically to the actual (uncontrollable) initial values of the 
hidden variables but measurement does not simply reveal them. Rather the 
evolution of the spin variable is correlated with the evolution of the 
apparatus variable (the particle position), the correlation being introduced 
by the inhomogeneous field. It is the existence of well defined variables 
in the system and in the apparatus, evolving according to the causal 
equations of motion, that ensures that unique initial conditions lead to 
unique and well defined outcomes. In this way it can be seen that wave 
packet collapse is a redundant hypothesis. 

Evidently there is nothing special or extraordinary about measurement, 
it is simply a particular case of the correlated evolution of the variables 
of the two systems according to the laws of quantum mechanics. During this 
evolution the apparatus variable enters the space of one of a series of un¬ 
ambiguously distinguishable states each of which is correlated with 
different state of the system under observation. 

NON-LOCAL SPIN CORRELATIONS IN THE TWO PARTICLE CASE 

The description given above of spin half particles can be extended to 
the two particle case. This enables a description to be given of the EPR 
experiment in the form proposed by Bohm, in which the correlations are 
between spin measurements carried out on each of two particles of intrinsic 
angular momentum h/2 in a singlet state. Bohm's version of the experiment 
has been of great historical importance and the recent results obtained 
with photon polarization can be easily discussed in terms of spin rather 
than polarization. Although it is still possible to question whether EPR- 
type experiments have finally demonstrated the existence of non-local 
phenomena in physics this has become increasingly difficult. Indeed it only 
seems to be possible by denying the validity of many body quantum theory. 

We have already seen in the foregoing that the particle motions cal¬ 
culated in the causal interpretation of many body phenomena exhibit non¬ 
local correlations under certain circumstances. In particular we saw that 
when the wave function can be written as a sum of products of individual 
spatial wave functions that non-local correlation will only produce obser¬ 
vable results when these functions overlap. We now demonstrate that the 
causal interpretation of the two body Pauli equation naturally implies 
that non-local correlations will indeed exist between two spin half 
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Fig.8 Spin dependent trajectories, from a Gaussian distribution of initial 
positions, at the exit of a Stern-Gerlach field orientated in the z 
direction. Initial spin vector orientation perpendicular to the field. 
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Fig.9 The field of orientations 0 (z,t) corresponding with the trajec¬ 
tories of figure 8. 



































particles in the singlet state. We present for the first time plots of the 
correlated trajectories of the particles and the evolution of their spin 
vectors as a result of the measurement of the spin components of each. 

Our conclusion is that although the model presented here is an idealised 
one, it provides an insight into the meaning of non-locality in terms of 
an underlying causal process, in a way that no other interpretation of 
quantum mechanics has managed to do. 

Consider a system of two spin one half particles of masses mi, m2 and 
charges ei, e2 respectively, which are placed in external electromagnetic 
fields and possibly interact. The two body Pauli equation is: 

ih 8 \p = h 2 (Vi —ie Ai(xi,X2 )) 2 ~h 2 (V2~ic2 A2 (xi ,X2) ) 2 +Wi+W2+V ( 7 ) 

81 12 mi he 2 m he f 

where xi, X2 are the coordinates of particles 1 and 2 and 
V = ^ a b^— 1 ’— 2,t ^ 

is the wave function of the system V=V(xi,X2,t) is the total external plus 
internal scalar potential. 

Wi = Wi(xi,X2,t) = jJi Hl(X2,Xi). £1 

W2 = W 2 (xi,x 2 ,t) = JJ 2 H2(xi,x 2 ). £2 

where /Ji> JJ2 are the particles magnetic moments with 

Hi = VixAi H2 = V2XA2 

and oi, 02 are two sets of Pauli matrices which commute and operate inde¬ 
pendently. 

Writing 

= R ^ 1) 2£ 2 » t ) elS ^“ 1, “ 2,t ^ h ^ a b^ 1 ’— 2,t ^ 

where R and S are real amplitude and phase functions respectively and 
(j) + .(j).=l, we may deduce a Hamilton-Jacobi equation 

8S - ihcf) + 8cj) + iniiv 2 + i^vl + Qi+Q 2+H +H^ +2/JiHi. S 1 + 2 /J 2 H 2 , S 2 +V = 0 
3t 3t " S S h h 

and a continuity equation 

ap + Vi.(pvi) + v 2•(P£2) = 0 
at 

1 Q 

where p = = R is the configuration space probability density, 

v. = ih e { A ^ = 1 _ (V-j_S - ihcj) + V^cj) ”£iA-[), i = 1,2 

2 m_^p m^c m^ * c 

are the velocities of the particles which contain spin dependent contri¬ 
butions , 

Q. = h 2 V^ 2 R 
2 m-[ R 

are the usual quantum potentials which arise in the two body case and 
H • . =-h 2 (V • <j> + . V • <f>+ (<J> + V. <j>) 2 ) , i = 1,2 

J.& - 1 -L 1 

2 m 
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are spin dependent additions to the quantum potentials, and 
s. = h c|) + G£(|) = h (ifj + o_'\Jj)/p i = 1,2 

“i 2 " 2 ~ 

are the spin vectors which we shall adopt here as describing the local 
spin orientation of each particle. The total energy of the system 

3S - ih<> + a4 

81 91 

is clearly spin dependent. Each of the above functions depends on the 
coordinates of both particles, and it is simple to show that the trajec¬ 
tories and spin vectors of the two particles will only evolve independently 
when the wave function factorizes: 

=^ la (x 1 ,t)ip 2b (x2 9 t) 

THE EPR EXPERIMENT 

The basic set up is as shown in Figure 10. A pair of spin half par¬ 
ticles of mass m and magnetic moment jj are formed at 0 in a simultaneous 
eigenstate of the spin operator in the z-direction (h/ 2 (a z i+a z 2 ) and the 
total spin operator h 2 / M 01 + 02.) 2 of eigenvalue zero. The particles 
separate in the y direction and pass through Gaussian slits orientated so 
as to produce packets in the directions of the analysing fields of two 
identical Stern-Gerlach devices. 'The magnet 2 is set to measure spin in 
the z-direction, and magnet 1 has been rotated couterclockwise through an 
angle 6 about the y axis so that it has a gradient in the z 1 direction. 

At the entrance to the fields the wavefunction is 

4> =1 fl(zi)f 2 (z2) (U + V_-U_V + ) 

/ 2 

where f i (zi T )f 2 (z 2 ) are normalised packets, Z]_, z 2 are the coordinates of 

the particles 1 and 2 in the z and z ! directions respectively and 
a Z i u +=± u ±, a z2 v + =±v + . The state (8) predicts the following expectation 
value for the correlations of the spins measured in the z, z 1 directions: 


< a Zly °Z2> = ” cos 5 

In treating this problem we have suppressed the motion in the y direction 
since this is not relevant to the measuring process. We only assume that 
the particles are sufficiently far apart on the y axis so that they do not 
interact and the measuring devices cannot influence one another. As we saw 
in the single particle case discussed above the state before the measure¬ 
ment takes place is one in which the spin is independent of position. The 
Stern-Gerlach devices introduce couplings between the spins (the variables 
measured) and the particle positions (the apparatus coordinates). As in 
the single particle case at the exit of each magnet two superposed packets 
are formed which separate with time along the direction of the analysing 
fields. The calculation of the motions when the fields are aligned along 
different directions are given in our paper . Here we demonstrate ex¬ 
plicitly the correlated particle motions which arise in the causal inter¬ 
pretation by presenting the results of these calculations in terms of 
correlated particle motions and spin vector orientations. 


If we write 

f l (z x *) = Ri (zx 1 ) e lSl(zi ’ )/h ,f 2 (z 2 ) = R 2 (z 2 )e lS2(z2)/h 
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then we find that the velocities are simply given by 


Vl ~ ^1 Si v 2 - V2S2 

m m 

The spin vectors are given by _si_ = _S 2 _ = 0. This clearly demonstrates the 
context dependence of particle properties in the causal interpretation 
since the individual spin vectors are here zero in the singlet state, some¬ 
thing that cannot occur in the single particle case. 

In order to understand what happens during the measuring process we 
consider first the simplest case which is arrived at by setting H 2 ,A 2=0 
in equation 7, i.e. we make a measurement on one side only. The calculation 
yields the result that at the exit of the field the particle undergoing 
measurement enters one of the separating packets, depending on its initial 
position on the z axis, under the influence of the total spin dependent 
quantum potential, and its spin vector component in the direction of the 
analysing field changes continuously from 0 to +h/2 or -h/2 as the packets 
become separated in the z direction. Simultaneously the spin vector com¬ 
ponent in the z direction of the second particle not undergoing measurement 
changes in the opposite sense from 0 to -h/2 or +h/2 as a result of the 
operation of the non-local quantum torque. That is the spin of particle 
two depends on the position and hence spin of particle one. The velocities 
however in this case remain independent. 


CM 

CO 

CM 

> 

11 

CM 

> 

vi = Ri+ 

2 

ViSi++ 

Ri- 2 ViSi_ 

m 

m( R +1 
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where the + and - subscripts refer to the two separating packets formed in 
the field. The trajectory of particle two is not affected by the measure¬ 
ment on particle one and the trajectory of particle one depends simply on 
local factors. If we were subsequently to measure the spin of particle 
two in the z direction we would of course find the opposite result to that 
found for particle one. The trajectories and spin vector magnitudes 
(indicated by the length of the arrow which always lies in the z direction) 
are shown in figure 11. 

Consider now the case in which both Stern-Gerlach devices are opera¬ 
tional and set to measure the spin component in the z direction on both 
particles simultaneously. The motion of each particle for any pair of 
trajectories depends sensitively on the choice of both initial positions 
at the entrance slits to the Stern-Gerlach devices. The calculation in 
this case yields the results plotted in figure 12. These results were 
calculated by taking the initial position of particle one to be the same 
in each case and then calculating the correlated trajectories which develop 
for a representative range of initial positions of particle two. The 
situation when the initial position of particle one zi 0 is chosen to be 
equal to that of particle two Z 2 ,o represents a bifurcation point (actually 
a bifurcation line in configuration space). If Z2,o < zi,o then particle 
two has a negative velocity and its z spin component decreases from 0 to 
-h/2 whilst the correlated particle one has a positive velocity and its z 
spin component increases from 0 to +h/2, with a corresponding result if 
z 2 ,o > Zi, 0 . Clearly the fate of each particle depends sensitively on 
what happens to the other. In figure 13 we illustrate the same phenomenon 
with a different choice of the constant Z 2 ,o* 

The illustrations presented here demonstrate clearly how the results 
of experiments in quantum mechanics, including EPR-type experiments, can 
be accounted for in terms of a reality in which well defined and conti¬ 
nuously variable quantities evolve in a deterministic manner according to 
the equations of motion of the cuasal interpretation. They also illustrate 
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Fig.11 Trajectories and correlated spin vector orientations for two 
particles initially in a singlet state after the impulsive measurement 
of the z component of the spin of particle two only. 




Fig.12 Correlated pairs of trajectories and correlated spin vector orien¬ 
tations for two particles initially in a singlet,state after the impulsive 
measurement of the spin in the z direction on both particles. z^,0 = 
constant, Z 2,0 = variable. 
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Fig.13 Correlated pairs of trajectories and correlated spin vectors for 
two particles initially in a singlet state after the impulsive measurement 
of the spin the the z direction on both particles, z-j s 0 = a different con¬ 
stant to that of figure 12, Z 2,0 variable. 
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that the fundamentally new feature of matter introduced in the quantum 
theory is a kind of wholeness in which the behaviour of an individual par¬ 
ticle is irreducibly connected with its context, expressed through the 
wave function, evidenced in the two particle case by the existence of non¬ 
local connection. Elements of reality exist, but they are context 
dependent, they are not described by quantum theory which deals with eigen¬ 
values of operators and in general are not simply revealed in measurement 
interactions. As we have seen the interactions regarded as measurements 
are in fact those in which a particular variable of a "measured" system 
becomes correlated with a particular apparatus coordinate according to 
deterministic laws of evolution of the whole undivided system-plus- 
apparatus. In this sense the elements of reality in quantum theory are 
essentially different to the elements of reality in Newtonian physics. In 
the history of science each new epoch-making discovery has indicated a new 
feature matter, one of which was the introduction of the idea of the field. 
In our opinion assuming reality has this fundamentally new feature of 
wholeness is preferable to assuming that it does not exist except when we 
are looking at it! 
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I. INTRODUCTION 

When Einstein wrote in 1949 his "Reply to Criticisms"*, he stated 
that the problem of wave-particle dualism was "probably the most 
interesting subject" to discuss: 

I now come to what is probably the most interesting subject 
which absolutely must be discussed in connection with the 
detailed arguments of my highly esteemed colleagues Born, 

Pauli, Heitler, Bohr, and Margenau. They are all firmly 
convinced that the riddle of the double nature of all 
corpuscles (corpuscular and undulatory character) has in 
essence found its final solution in the statistical quantum 
theory ... In what follows I wish to adduce reasons which keep 
me from falling in line... • 

In the same book, Bohr refers to Einstein's picture of the 
electromagnetic field by recalling some discussions they had on such 
problems: 

The discussions, to which I have often reverted in my thoughts, 
added to all my admiration for Einstein a deep impression of 
his detached attitude. Certainly, his favored use of such 
picturesque phrases as "ghost waves " Gespensterfelder ) guiding 
the photons" implied no tendency to mysticism, but illuminated 
rather a profound humour behind his piercing remarks. 

In two previous papers it was shown that the available evidence on 
the nature of dualism, both for photons and for massive particles, can be 
interpreted very naturally, at least at the physical-qualitative leve, in 
terms of an empty wave accompanying the propagation of energized and 
localized particles. This natural interpretation holds, for instance, 
for the neutron interferometric experiments and for the well known 
Janossy-Narag experiment. 

If the empty wave exists really it should be detectable, one way or 
another. How can one hope to reveal the presence of a wave which does 
not carry energy or momentum? This problem can have an answer if it is 
noticed that one does not only measure energy changing processes but 
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Fig. 1 Apparatus for the detection of empty quantum waves. S 
is the source, M a semitransparent mirror, Pj and P 2 
are photon detectors, and LGT is the amplifier (Laser 
Gain Tube). 


probabilities as well: The wave could reveal its presence by modifying 
decay probabilities for an unstable system. 

Consider the following experimental situation. 

An atomic source emits a well-defined spectral line of wavelength X 
selected with an optical filter. The source is designed to randomly emit 
the photons, one by one, in such a way that there is never more than one 
photon at a time in the whole apparatus. Each photon is made to fall on 
a semitransparent mirror M, which "splits" it into a transmitted part and 
a reflected one. As is well known, no coincidences above the casual 
background are observed if a phototube is placed on each of the 
transmission and reflection paths. This means that the property enabling 
a photon to discharge a photomultiplier is not split by M but is made to 
choose between the two paths. More accurate analyses reveal that the 
entire energy E = he/X is always found on either one or the other of the 
two paths. Thus, whatever the carrier of energy is, we see then that _it_ 
is not subdivided by the mirror. Something is_ however, as shown by the 
low-intensity permanence of the interference pattern. 

We wish to study the possibility that what is split is just 
Einstein’s Gespensterfelder (or Bohr’s virtual waves). It is therefore 
assumed that the mirror diverts the entire energy in one direction even 
as it splits the wave into transmitted and reflected components. Suppose 
we interpose a phototube P 1 (Fig. 1) in the reflection path and 
concentrate our attention on the case where this counter is triggered: 
According to our postulated picture, one must then conclude that only a 
virtual wave is present in the transmitted beam. 

The transmitted beam is made to pass through a laser gain tube 
(LGT), where the associated wave packet, though devoid of energy and 
momentum, has a chance to reveal its existence by generating a 
zero-energy-transfer stimulated emission. Indeed, one may assume that 
the molecules filling the LGT are maintained in an excited energy band 
which, on de-excitation, gives rise to radiation that includes the 
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wavelength X of the incoming wave. The emitted photon could then be re¬ 
vealed by the phototube P 2 that follows the LGT. In this way, P 2 coin¬ 
cidences would reveal the existence of a zero-energy undulatory phenome¬ 
non transmitted by M. The space-time propagation of this entity could be 
demonstrated by checking that P ^2 coincidences disappear whenever an 
obstacle is inserted before LGT in the transmitted beam. 

A positive outcome of this experiment would definitely indicate that 
something propagates in space and time which does not carry energy- momen¬ 
tum but which can, all the same, induce transitions. This would practi¬ 
cally amount to the discovery of a new level of reality and would tend to 
put on a firmer basis the old controversy concerning the nature of the 
wave-particle dualism. 


II. DETECTION PROBABILITIES 

The coincidence rate for the experiment of Fig. 1 will now be con¬ 
sidered in the case of laser pulses. Coherent light pulses of finite and 
known duration are emitted from a laser and are known to impinge on the 
semitransparent mirror M in the time intervals: 

(t Q , t Q + At); (2t 0 , 2t 0 + At); ... 

with At << t Q . The times of entrance of these pulses in the detectors P ^ 

and P 2 are calculated simply by adding to the previous times the ratio 
between the dector-mirror distances and the speed of light. Coherent 
pulses are characterized by a Poisson distribution, so that the probabil¬ 
ity p(n) of finding n photons in a pulse is: 

p(n) = e ——, ( 1 ) 

n! 

if <n> is the average photon number. 

The mirror M will split each pulse in a transmitted part (with t 
photons) and in a reflected part (with n - t photons). 

The probability Tr(n,t) that t photons will be transmitted through M, 
if n arrive at its surface, is assumed to be: 

ir(n,t) = (^) n ( n ). (2) 

2 t 

Let Di(n-1) [D 2 (t+£)] be the probability that the photomultiplier P^P^ 
will detect at least one of the n - t reflected photons [at least one of 
the t+i photons coming out from the LGT]. If n 1 and n 2 are the quantum 
efficiencies of P^ and P 2 , respectively, one can write: 

D 1 (n-t) = 1 - (1-rii ) n ' t 

(3) 

D 2 (t +1) = 1 - (l-n 2 ) t £ 

In fact, photons are detected (or non detected) independently; n 1 is the 
probability that P x detects a given photon; 1— n x is the probability that 

F l does not detect it; (l-n 1 ) n ” t is the probability that P x does not de¬ 
tect any one of the n-t incoming photons, so that 

l - (l-n 1 ) n_t 

is the probability that detects something. The argument for the case 
of is similar. 
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Fig. 2 Laser Gain Tube of rectangular shape with length L for 
the experiment of Fig. 1. Amplifying waves impinge 
from left. 


One can introduce two further probabilities: 

q(t+£, x) will be the probability that t+i photons are found at a 

depth x inside the LGT if t enters from the left [see 
Fig. 2], Only photon emission is assumed possible, so 
that l > 0. 

Cl2( n ) be the probability of a P]P 2 coincident count if n 

photons are impinging on LGT. Coincident counts are 
defined as taking place within appropriate time intervals 
of width not larger than At. 

One can obviously write: 

n 00 

C12( n ) = 1 7r ( n > t ) ^(n-t) | q(t+£,x) D 2 (t+£) (4) 

t o & o 

The inclusion of the term with t = n is possible because DjCo) = 0, 
consistently with (3). Note also that C 12 (o) = 0* 

In the statistical interpretation of quantum theory the so called 
"coherent pulse" is a statistical ensemble of pulses, with average photon 
number <n>, in which every given photon number n is present with a fre¬ 
quency given by (1). The probability of a P-|P 2 coincident count for an 
incoming "coherent pulse" is therefore given by: 

00 

C]9 = I p( n ) C j, 2 (n) (5) 

n=o 

Equations (4) and (5) will allow concrete empirical predictions to be 
deduced from the models for stimulated emission which will be introduced 
in the following section. 
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III. STIMULATED EMISSION PROCESSES 


The only unknown probabilities in (4) and (5) are the 

q(t+£, x). 

In order to calculate them one must introduce the following four 
probabilities: 

Pdx is the probability that a photon be generated by stimulated 
emission in the length - interval dx from a "normal" photon 
(namely, from a photon which has not crossed M) • 

P ! dx is the probability of the same event from a photon which has 
crossed M and whose associated wave has been attenuated by M. 

P Q dx is the probability of the same event for an empty wave (quantum 
hv reflected, wave attenuated by M). 

Sdx is the probability for the spontaneous emission of a photon in 
the length - interval dx. 

The parameters P, P f , P Q , S are all positive. They are referred to 

a LGT of rectangular shape [see Fig. 2] and homogeneous, so that these 
parameters are all x - independent. 

Elementary thermodynamical considerations lead to the conclusion 

that 


P Q + P* = P. (6) 

In fact, as can be easily shown, if the previous relation were not satis¬ 
fied, Planck f s formula would not hold when a semitransparent mirror is 
inserted inside a cavity where matter is in equilibrium with radiation. 

As a consequence, if a second cavity were connected to the first one 
through a small hole with a suitable frequency filter, well known 
paradoxical situations would be obtained. The only way out is to assume 
the validity of (6). 

Two opposite assumptions about stimulated emission will now be examined: 

CASE 1 : Stimulated emission is due exclusively to the energetic quantum 

hv, and has nothing to do with the wave. Therefore: 

P Q = 0 ; P' = P (7) 

CASE 2 : Stimulated emission is only due to the wave and the presence/ 

absence of the quantum hv is totally irrelevant. Therefore: 

P„ = P' = -i- P (8) 

o 2 

These two physically interesting possibilities will be obtained as 
particular cases of our general calculations. For the time being we will 
call Qdx the total probability for the stimulated emission of a photon in 
the length-interval dx, where 

Q = t P f + (n-t) P Q (9) 

since t photons and (n-t) empty waves are transmitted. 
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The adoption of (9) allows us to deal with CASE 1 and CASE 2 above 
in an unified way. In fact this relation is fully justified from a 
physical point of view in either situation. In CASE 1, one must use Eq. 
(7) which leads to Q = t P, exactly as expected, since the t energy 
quanta should stimulate independently from one another and give additive 
effects. In CASE 2, one must use Eq. (8) which leads to: 

Q = n P/2, 

independent of t. Of course, in a realistic approach to the 
electromagnetic (empty) waves, one expects their amplitudes to be fixed 

in the source (and to be reduced by a factor of 1//2 in M) independently 
of the (random) number t of transmitted photons. An undulatory approach 
to stimulated emission should reasonably assume that the emission 
probability Q is proportional to the squared amplitude of the wave. If 
E n is the electromagnetic wave amplitude associated with n energetic 

quanta hv, one expects, from a semiclassical analogy: 

IE n l 2 = f n hv, 

where f is a (n-independent) proportionality factor. It follows from the 
previous relation that: 

I E n | 2 = n |E X | 2 , 

so that if P is due to the action of IE ^1 2 and Q to the action of |E n l 2 , 

one can understand Q = n P/2, if one also keeps into account the factor 
of 2 reduction of |E n l 2 , owing to the action of the semitransparent 

mirror M. Therefore it can be concluded that the proposed treatment of 
stimulated emission [Eq (9) above] is fully adequate for dealing with the 
two physically interesting situations called CASE 1 and CASE 2 above. 

Turning now to the spontaneous emission terms S, which adds its 
effects systematically to those of Q [see Eq (12) below], it can be noted 
that there exist two extreme possibilities: 

S = 0 corresponds to a complete elimination of spontaneous emission 

by means of filters, geometrical selections, and so on. 

S = P corresponds to a full competition of spontaneous with 

stimulated emission. This is the case found in the textbook 
treatment of matter in equilibrium with radiation , where the 
emission probability in a given mode k is proportional to 
(n^. + 1), n^ being the number of quanta in that mode and the 

"1" term being the contribution of spontaneous emission. 

In the studied experiment of Fig. 1 one is not dealing with matter 
in equilibrium with radiation, and the effects of spontaneous emission 
can be somewhat reduced with respect to the extreme case S = P. 

Something like 

S = ^ P (10) 

2 

should give a good idea of spontaneous emission for the experiment under 
consideration. 
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IV. EQUATIONS AND SOLUTIONS 


Referring once more to Fig. 2 one can say that the probability of 
finding t+£ photons at depth x+dx inside the LGT is given by the sum of 
two terms: the first one equals the probability of having t+£ photons at 
depth x, times the probability that no photon be emitted between x and 
x+dx; the second one equals the probability of having t+£-l photons at 
depth x, times the probability that a single photon be emitted between x 
and x+dx. Therefore: 

q(t+£, x+dx) = q(t+£,x) [l-( £P+Q+S)dx] + q(t+£-l,x) [ (£-1 )P+Q+S ]dx (11) 
From this equation one can easily obtain: 

d . <3 . ( tt 1 , xj . _ _( £p+Q+S) q( t +)l J x) + [ (i.-l )P+Q+S ] q(t+A-l,x) (12) 

dx 

This is a set of coupled differential equations of the first order which 
allow one to calculate q(t+£,x), with £ > 1, given q(t,x). It is not 
difficult to show that the latter quantity satisfies an equation o£ the 
type (12) with £=o and with the second term missing in the r.h.s. 

Coupled with the initial condition q(t,o)=l, this equation can be solved 
and gives 

q(t,x) = e“ ( Q +S)x (13) 

The latter result allows one to solve all the equations of the type (12) 
with £ > 1, which must be coupled with the initial conditions 

q(t+£,o) =0, if £ > 1. (14) 

The general solution is given by 

q(t+£,x) = M) e ~(Q+S)x (15) 

V. 


where 


cx = = t+(n-21) 3+Y (16) 

P 

and 

c 

3 = —^ L ; y = -2. (17) 

P P 

It has already been agreed that a good guess for the spontaneous emission 
parameter y is: 

y = 1 
2 

[see Eq (10)]. The parameter 3 expresses the strength of empty-wave 
stimulation. 3=0 corresponds to the CASE 1 above and 3 = i to the CASE 

2 . 


Since the total depth of the LGT is obtained from x = L, the 
probability T(t) that P 2 detects at least one photon is given by: 


T(t) = l q(t+£,L) D 2 (t+£). (18) 

£=o 
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TABLE 1 


Comparison of coincidence rates with stimulated emission only 


' energy ] 

and only due to waves 

<n> 

Y 

r o) 

r (2) 

l 12 

ratio (2)/(1) 

.5 

0 

.00150 

.00358 

2.39 

.5 

1/4 

.00253 

.00452 

1.79 

.5 

1/2 

.00352 

.00541 

1.54 

.5 

3/4 

.00446 

.00627 

1.41 

.5 

1 

.00537 

.00709 

1.32 

1 

0 

.00573 

.00970 

1.69 

1 

1/4 

.00765 

.01144 

1.50 

1 

1/2 

.00948 

.01310 

1.38 

1 

3/4 

.01123 

.01469 

1.31 

1 

1 

0.01290 

0.01621 

1.26 


By substituting (15) and (3) in (18) and carrying out the summation, one 
obtains: 


r(t) = i-(i-n 2 ) t (A^) n (A^" 26 ) t 


(19) 


where 


A 


o 


(l-n 2 +n 2 e PL ) 


( 20 ) 


PT 

An independent calculation shows that e is the average photon output 
from the LGT, when one photon enters into this instrument from the left. 
PL 

Therefore e is exactly what is usually called "the amplification” of 
the LGT. 


Substitution of (19), (2) and (3) into the expression (4) for C 12 ( n ) 
leads to: 

C 12 (n) = 1 - (t) {(2-Tij) - [a® + (l-n 2 ) A^ _6 ] n A^ 

+ [(l—n L ) Aq + (i-n 2 ) A^' 6 ] 11 a*} (2D 

A final substitution of (21) in (5) leads to: 

C 12 = 1 " ex P {“ <n> hi/ 2 } 

- A^ exp {<n> [A® + (l-n 2 ) A*"® - 2]/2} 

+ A l exp {<n> [(1-np Aq + (l-n 2 ) A* -6 - 2]/2 } (22) 
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The previous general expression can be applied to two important cases. 

If the stimulated emission is due to the action of the energetic quanta, 
one should take 3=0, as was shown above, and (22) becomes: 

( 1 ) 

C 12 = 1 ” exp {-<n> r^/2} 

- Aq exp {<n> [A 0 (l-n 2 ) - 1]/2} 

+ A^ exp {<n> [A Q ( 1- ri 2 ) - 1 - rij^ ] / 2 } (23) 

If instead stimulated emission is due to the action of the wave, as here 
proposed, one should adopt 3 = i and (22) then becomes: 

( 2 ) 

C ^2 = 1 - exp {-<n> r^/2} 

- exp {<n> [/A q (1 - -^) - l]} 

4 ) 

+ A^ exp {<n> [/A q (l - — ——) - 1 ] } (24) 

The comparison of (23) and (24) is shown in Table 1 for the fixed values 
n i = n 2 = 0-1 

of the quantum efficiencies of the photomultipliers Pj and P 2 > and for an 
amplification 

PL 0 
e =3. 

These values imply 

A = .83333. 
o 

As it can be seen, the difference between (23) and (24) is easily 
observable in all cases. 


V. CONCLUSIONS 

The previous calculation shows that the proposed experiment can 
easily be carried out with incoming laser pulses: Particle and Wave 
stimulation gives rise to measurably different predictions. 

It is amusing to notice that our formulae, for the case of particle 
stimulation, are identical to those "deduced" in textbooks from quantum 
electrodynamics. We therefore propose that the usual treatment of 
stimulated emission is wrong and that it should be modified by taking 
into account our corrected equations. This is not very surprising, since 
the usual textbook approach is not based on a straightforward quantum - 
electrodynamical calculation but requires the introduction of independent 
approaches, like for instance the master equation. 

The formulae of the present paper still contain a difficulty, since 
the probabilities for different incoming photon numbers are added 
incoherently. 

This difficulty can however be eliminated, as it will be shown in a 
forthcoming publication. 


49 



REFERENCES 


1. A. Einstein; Reply to Criticisms, in P.A. Schilpp (ed.); Albert 

Einstein: Philosopher-Scientist , 3rd edn., Open Court, LaSalle, 

Illinois (1970). The quoted sentence is at p. 666. 

2. N. Bohr, in the same book, p. 206. 

3. F. Selleri; Found. Phys. 12, 1087 (1982). 

F. Selleri; Gespensterfelder in The Wave-Particle Dualism ; S. Diner 
et al. Eds., Reidel, Dordrecht (1984). 


50 


RELATIVE METRICS AND 

PHYSICAL MODELS FOR NON-LOCAL PARTICLES 


William M. Honig 

Curtin University, (formerly known as the 
Western Australian Institute of Technology) 
Perth, Bentley, 6102, Western Australia 


ABSTRACT 

A presentation is made that attempts to find a meaning and a physical 
representation for non-local particles. This is based on how the space metric 
can be considered as a relative concept so that its form and specification may 
be different for different observers of the same spatial arena. The non-local 
particles are limiting forms for toroids and are thus one-dimensional rings 
representing the toroidal half wavelength elements of dipole radiation which 
are considered as discrete entities. They are candidates for the role of hidden 
variables. In the so called electromagnetic rest frame these rings can 
according to relative metrics be local particles. This may resolve some of the 
QM and EPR problems. 


I. INTRODUCTION 

The problem of finding a meaning and a physical model for a non-local 
particle turns on what we mean by the word 'particle'. Mathematically this 
has been taken as a three-dimensional delta function in 3-space. This fits 
with the meaning for the word discrete, which may be taken as an extended 
local object which has spatial boundaries which are finite. 

A discrete object such as a sphere can be linked with a particle if one 
defines a sphere in a space and then shrinks the sphere about its center so 
that in the limit it approaches its center point. In this case, that center point 
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can be considered as a particle which represents the sphere for those 
conditions where distances are always large compared to the dimensions of 
the sphere. This, in fact, is the kind of use to which this concept is put in QM. 
Thus, for dimensions large with respect to the classical electron radius, the 
electron is considered as a particle. This representation of the electron is 
further bolstered with the QM rules and strictures on uncertainty, etc. 

There would appear to be no way of extending these concepts to a 
’non-local particle’ without extending our understanding of what we mean by 
space or the metric of a space. In Section II a discussion based on previous 
work(l) is given where it is shown how the metric of space can be considered 
as a relative and thus a subjective concept. Although Reimann and Gauss 
have developed the concept of the metric as an essentially invariant measure 
on space, many others, especially Helmholtz^) and Poincare^) have at least 
discussed how space can be considered as non-invariant and thus how it can 
be a quite subjective concept. Both of the last named have discussed how the 
appearance of space and spatial objects can vary radically in the opinion or 
perception of one observer as compared to the perceptions of another 
simultaneous observer of the same space and objects. 

This is based on the fact that rest frame distortions universal within that 
rest frame will not be measurable, perceivable, or even conceivable within 
that rest frame to its inhabitants (or observers whose dimensions and senses 
are likewise distorted and are unmeasurable to themselves). Simultaneously, 
observers outside such rest frames who do not suffer these distortions will 
indeed observe them in those rest frames. This results in the conclusion that 
arbitrary coordinate systems such as, for instance, that with the spherical 
coordinates R, 0, § can first be considered in the usual manner, as consisting 
of coordinates which are radial, angular, etc. 

On the other hand, to the appropriate observer, these same designations 
can be considered as the symbols for a Euclidean flat space where the above 
coordinates will have an appearance identical to the Cartesian coordinates x, 
y, z. The equations and mappings relating both sets of coordinate symbols to 
each other and the appearance of spatial phenomena will depend on each 
observer's point of view. 

The usefulness for this is for the major example to be discussed: that a 
mapping can be provided between two different observers in such a way that 
a 'particle', (a 3-dimensional delta function, a point) in one observer's view 
becomes a 'non-local particle', (a one dimensional ring and thus a 
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mathematical but still an extended object) to another observer of the same 
object. 

In Section III, a physical example of the above case is discussed. We try 
to show how, say, the internal one-dimensional ring axis of a ’smoke ring’ 
together with the toroidal surface of the ’smoke ring’ itself, can be mapped 
and transformed. This toroid could, after a sequence of linked mappings and 
transformations appear to the appropriate observer, to be a sphere. The 
point center of the sphere is the final form for the ring axis of the original 
'smoke ring' and the surface of the sphere is the final form of the surface of 
the original ’smoke ring’. Both 'smoke ring' and sphere are considered in a 
physical context. The mapping between them, which in the mathematical 
sense is not isomorphic, can be given a useful physical and fluidic meaning 
and the singularities of the mappings can be shown to be physically 
negligible. 

In Section IV, finally, we can take the point center of the sphere as an 
example of the ’canonical particle' representation and the one dimensional 
ring axis of a ’smoke ring’ as the model for a ’non-local particle’ 
representation. The reason for the introduction of the ’smoke ring' is that it is 
a conceptual model relevant to the generation of the toroidal half wavelength 
dipole field distributions emitted by a fluid model droplet electron^) in 
rectilinear acceleration and deceleration. 

This object, first sketched by Heinrich Hertz, the half wavelength dipole 
field distribution, is our model for a discrete electromagnetic object which we 
have named the photex. The reason why this of relevance to QM is because it 
appears to be a physically realistic candidate for the role of hidden variable 
and it is closely connected with the photon. One may be able to think of such 
an ever expanding toroidal electromagnetic field distribution as the physical 
model for the 'non-local particle’ involved in the recent EPR experiments. 
This, then might realistically explain these experimental results, while 
simultaneously retaining both non-locality and locality depending on the rest 
frame, it is a candidate for the role of hidden variable. 


II. RELATIVITY OF THE METRIC 

We start with the relevant quote from the essay of Helmholtz on the 
relativity of space: (2) 
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’’Let me first remind the reader that if all the linear dimensions of other 
bodies, and of our own, at the same time were diminished or increased, in 
like proportion, as for instance to half or double their size, we should with our 
means of space perception be utterly unaware of the change. This would also 
be the case if the expansion or contraction were different in different 
directions, provided that our own body changed in the same manner. 

Think of the image of the world in a convex mirror. The common silvered 
globes set up in gardens give the essential features, only distorted by some 
optical irregularities. A well-made convex mirror of moderate aperture 
represents the objects in front of it as apparently solid and in fixed positions 
behind its surface. 

But the images of the distant horizon and the sun in the sky lie behind the 
mirror at a limited distance, equal to its focal length. Between these and the 
surface of the mirror are found the images of all the other objects before it, 
but the images are diminished and flattened in proportion to the distance of 
their objects from the mirror. The flattening, or decrease in the third 
dimension, is relatively greater than the decrease of the surface dimensions. 
Yet every straight line or every plane in the outer world is represented by a 
[curved] straight line or plane in the image. 

The image of a man measuring with a rule a straight line from the mirror 
will contract more and more the farther he went, but with his shrunken rule 
the man in the image will count out the same number of centimeters as the 
real man. And, in general, all geometric measurements of lines or angles 
made with regularly varying images of real instruments would yield exactly 
the same results as in the outer world, all congruent bodies would coincide on 
being applied to one another in the mirror as in the outer world, all lines of 
sight in the outer world will be represented by straight lines of sight in the 
mirror. 

In short I do not see how men in the mirror are to discover that their 
bodies are not rigid solids and their experiences not good examples of the 
correctness of Euclid's axioms. But if they could look out upon our world as 
we look into theirs, without overstepping the boundary, they must declare it 
to be a picture in a spherical mirror, and would speak of us just as we speak 
of them; and if two inhabitants of the different worlds could communicate 
with one another, neither, as far as I can see, would be able to convince the 
other that he had the true, and the other the distorted, relations." 
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The above quotation can be illustrated also via the identical pair of Escher 
pictures which appear in Figure 1. In Figure la it is shown how Observer A, 
who is holding the reflecting sphere, sees his own surroundings and himself. 
His image in the mirror is labeled B. In Figure lb it is shown how that image 
observer, Observer B, views the world of Observer A. Neither observer 
believes that his own surroundings are distorted but imputes such distortions 
to the other observer. 

This relates also to a physical meaning for non-Euclidean metrics. Let us 
say that Observer A represents the ordinary case of a man in a flat Euclidean 
space. He is holding a silvered sphere in his hand while sitting in his study. 

He looks into the sphere and tries to describe the situation there. The volume 
of the sphere is thought by him to contain the volume within which Observer 
B exists. This is a well known example in optics which maps all points outside 
the sphere to virtual image points inside the sphere. The location of all image 
points inside the sphere can be derived from the sphere diameter and the 
location of the object points outside the sphere. 

Observer A can thus, via the optical mapping equations set up both a local 
and global metric for all the images inside the sphere. The Euclidean 
geometry in his own world will map to a non-Euclidean geometry in the 
image world he sees in the sphere. Since the mappings are isomorphic, he 
can consider his own flat space transformed to that non-Euclidean space 
within the sphere. 

On the other hand, because this situation is completely symmetric with 
respect to Observer B, B will go through the same procedure as Observer A 
did above. Thus A and B will each impute a rest frame distortion to their 
opposites, B and A, respectively. Since this can be put in the form of 
coordinate transformations which each applies to the other, the conclusion 
follows that when one labels a space, one is making a subjective judgment, 
and that non-Euclidean metrics are judgments which a ’non-inhabitant’ of a 
particular space makes about that space. All Coordinate System Inhabitants 
(CSI), therefore, are observers who suffer distortions in themselves and their 
surroudings which they have no way of knowing. This implies that the 
presence of a non-Euclidean metric can be traced to a CSI external to a space 
who does not suffer the distortions of another CSI internal to that space. The 
metric which the external CSI writes would be non-Euclidean in the opinion 
of the internal CSI of that space. 

A summary of the mathematical development of this is here given^) : 
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(From "Self-Portrait” by M.C. Escher, lithograph, 1935). 





A CSI is an observer to whom an arbitrary set of coordinates appear to 
have the characteristics usually associated with the Cartesian x, y, z set. The 
CSI will think the following about his ’native’ set of coordinates: 

1. The coordinate axes are orthogonal and extend to plus and minus 
infinity. 

2. The one-dimensional variation of a point generates a straight line, the 
two-dimensional variation a plane, etc. 

3. An increment of length is independent of position and orientation. 

4. There is a point origin at which all coordinate values are zero, it is a 
singly connected space. There is also a point on each coordinate axis 
which has the value one, which defines the gauge. 

5. ds^ = d a^+ d p2+ d where a, p, y are the coordinates of the 
arbitrary coordinate system., three dimensional in this case. 

We assert that these 5 statements can be true about an arbitrary set of 
coordinates (in the opinion of its CSI). This would appear, however, to be 
generally untrue. For example for a three-dimensional cylindrical or 
spherical coordinate system, the angular dimensions are either discontinuous 
or periodic and the radial dimension has only positive values. Nevertheless, 
conformance with the above statements can be established by modifying via 
a series of linked sequential mappings the meanings for those coordinates 
that are initially irreconcilable with the above statements. This is here 
presented and applied. 

Suppose the set of Cartesian coordinates (x, y, z) and another set of 
coordinates ( a, p, y) label a three-dimensional space. The relationship 
between these two coordinate systems giving x, y, and z explicitly are: 

x = x( a, p, y), y = y(a, p, y), z = z( a p, y) [1] 

and the surfaces a, p, y = a constant, form an orthogonal system. The 
differential element of length is ds, where: 

ds^ = dx^ + dy^ + dz^ [ 2 ] 


and the following functions may be constructed with the usual conditions on 
continuity and differentiability: 



1/U = [ (6x/6a) 2 + (6y/5a) 2 + (6z/6a) 2 ]^ 2 

1/V = [ (6x/6p) 2 + (6y/6p) 2 + (6z/6p) 2 ] 1/2 [ 3 ] 

1/W = [ (6x/6y) 2 + (by/6y) 2 + (6z/6y) 2 ]^ 2 


so that ds 2 may be expressed as: 


(ds) 2 = (d aJ U) 2 + (dp/V) 2 + (dy/W) 2 [4] 


On the basis of the previous discussion the above equations are merely 
those that would be written by an (x, y, z)-CSI (the inhabitant of an ordinary 
x, y, z Cartesian coordinate system). One may, however, write the following 
set of equations for an ( a, p, y)-CSI; the equation numbers will be same as 
above, but primed, in order to facilitate comparisions: 


a = a(x,y,z), P = p(x,y,z), y = y(x,y,z) [!’] 


and the surfaces x, y, z = a constant, form an orthogonal system. The 
differential element of length will be called ds': 


(ds') 2 = (da) 2 + (dp) 2 + (dy)^ 


m 


and the following functions can be constructed: 
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1/U f = [ (oa/bx) 2 + (6p/6x) 2 + (6 y/bx) 2 ]^ 2 
1/V = [ (ba/Sy) 2 + (bp/by) 2 + (6 y/by) 2 ]^ 2 [ 3' ] 

1/W = [ (ba/bz) 2 + (bp/bz) 2 + (by/bz) 2 ]^ 2 


so that ds' 2 may be expressed as: 

(ds’) 2 = (doc/U') 2 + (dp/V’) 2 + (dy/W’) 2 [4’] 

If the coordinates ( a, p, y) are merely another set of Cartesian coordinates 
which are displaced, shrunk, magnified, or rotated with respect to the (x, y, z) 
set, then the ( a, P, y) set will immediately satisfy the previous five CSI 
statements, and all of the primed equations above can be immediately 
applied. This corresponds to the case of a linear transformation linking the 
(x, y, z) and the (a, p, y). 

In the case where ( a, p, y) are angular or radial coordinates, then 
statement 1 of the five CSI statements obviously is not true. Whereas for 
(x, y, z): 

one has - °o < (x,y,z) < + oo [ 5 ] 

for the radial variable r and the angular variable 0 one must write: 

0 < r < + oo and - 7 C < 0 <+rc [6] 

where the principal values have been used for 0. However, if one performs 
the mappings: 

r r f and 0 0' [ 7 ] 

such that 
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-oo < r* < + co and - <x> < 0’ < + oo [ 8 ] 


holds, then the r' and the 0’ coordinates will satisfy the five CSI statements 
and the above transformation relations can be used. Such mappings, 
therefore, will be necessary for coordinate systems having radial, angular, or 
other non-Cartesian coordinates. 

One must keep track of what is or is not apparent to any CSI. Thus the 
mappings above from r to r* and from 0 to 0’ are not apparent to the CSI 
inhabitant of these coordinates. This CSI will continue to label his coordinates 
as r and 0. In general, as will be shown below, when these mappings are 
performed, it will be found convenient to give a particular a numerical 
subscript to a coordinate, which changes value in each member of the 
sequence of mappings. This is used in order for the reader to clearly keep 
track of the mappings. The CSIs who are actually involved in the mapping 
will always use the same designation for the mapping. This will be clear in 
the following example. 

Take the two dimensional space, see Figure 2a, where x, y and r, 0 are as 
shown and are as seen by what we call an (x, y)-CSI. We show how this 
two-dimensional space can be transformed into a two-dimensional space 
where the r, 0 axes have the same appearance, in the opinion of an (r, 0)-CSI 
as the x, y axes have to the (x, y)-CSI, and Figure 2b shows this space 
according to the (r, 0)-CSI. 

It is important to note that this is not merely a switching of coordinate 
symbols, but rather if the (x, y)-CSI and (r, 0)-CSI were each asked to indicate 
those axes to which the five CSI statements would apply, each one would 
indicate the x, y and r, 0 coordinate axes, respectively, shown in Figure 2a . 

The mapping diagram, Figure 3, gives the overall features of the 
procedure. Starting at the upper left hand side, the (x, y)-CSI sees points in 
the plane of Figure 2a as, say, x 0 + iy 0 , (in upper left hand corner) where the 
subscript merely permits, us, the observers of this procedure to keep track 
of the mappings. This same (x, y)-CSI can also use the r, 0 characterization so 
that via a coordinate transformation to the lower left hand corner of Figure 3 
one gets r 0 e*®o as a point in the plane according to the (x, y)-CSI. The 
double headed arrow on the left connecting these designations denotes that 
this transformation is bi-lateral. 
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Figure 2. (x.y) and (r,8) views of 
and (r 0 ,6 0 ) spaces, (b) ( 



(b) 

plane, (a) (x.y)-CSI space A: (x 0 ,y 0 ) 
,9)-space. D: (X 3 ,y 3 ). 
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Figure 3. Mapping diagram 
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Now, we the observers of this procedure, leave the world of the (x,y)-CSI 
which consists of the perceptions given as A and B at the left hand side of the 
mapping diagram. We will be moving via mappings in a counterclockwise 
starting at the lower left corner. Here r 0 is transformed to e r i, which is 
therefore, an r-gauge mapping. This converts the range of r from zero to plus 
infinity into the range from minus infinity to plus infinity. This, according to 
the previous discussion, is in order to make the r variable conform to a 
Cartesian coordinate as per the five CSI statements. That point is shown on 
the mapping diagram as B: e r i +1 ®i for the convenience of we who are 
following these mappings. 

A logarithmic transformation of the point B is now made so that the point 
now is called C or C: r 2 + i0 2 . 

At this point, if one does not use Principal values for the coordinate 0, then 
the range of 0 can indeed be from - oo to + oo . This corresponds to the 
unfolding of the multileaved Reimannian surface which the original Figure 2a 
must have contained. The usual choice, however, is to use Principal values 
with the 0 variation between, say, ± n, see Figure 4. This range may be 
converted into variations between plus and minus infinity by performing a 
projective stereographic mapping, see Figure 5. Here the strip of Figure 4 has 
been taken into 3-dimensional space and rolled into a right circular cylinder, 
which is shown in cross section in Figure 5, such that the +tc and -tc edges 
touch each other. This cylinder has been made tangent to the plane D along 
the line where 0 is zero. All of the points on the cylinder are then projected 
from the point a onto the plane D resulting in the change of range of 0 from 

± K tO ± oo . 

We have thus proceeded, in the Mapping Diagram, Figure 3, from the point 
A: x 0 + iy 0 in the upper left hand corner in a counterclockwise direction to the 
point D: r 3 + i0 3 in the lower right hand corner. The beginning and end points 
are for the route from the (x,y)-CSI to the (r,0)-CSI point of view. At this 
point one notes that the forms x 0 + iy 0 and r 3 + i0 3 are identical. Each form is 
what each CSI will use to identify his native coordinates. The complete 
symmetry of this situation is apparent. This means that we have no right to 
consider the upper left hand corner designation of Figure 3 as any more valid 
than the lower right hand corner designation. We may, therefore, treat (r,0) 
starting from D in an identical fashion as we treated (x, y) when we started 
from A. This will carry us in a counterclockwise direction back around the 
mapping diagram to our starting point. It thus shows that each CSI's 
viewpint is reciprocal. 
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The details of the algebraic relations which derive from these sequences of 
mappings are available(^). It shows that the terms in the metric matrix are 
indeed different for different CSIs and that they consist of products of the 
mapping transformations such as the above, which were necessary to satisfy 
the 5 CSI statements. They will permit that the quantitative mathematical 
equations in one CSI viewpoint can be transformed to that of another CSI. 

This technique can also be applied to three and four dimensional spaces. 
Many other considerations of these matters have resulted in a number of 
suggestions for other applications.^) 

III. TOROID TO SPHERE MAPPINGS 

It is well known that mappings between a toroidal (doubly connected) 
space and a Cartesian (singly connected) space cannot be accomplished, in 
general, in an isomorphic manner or without singularities. Such mappings 
might be accomplished, however, on the basis of a more physical 
interpretation. Other discussions^) of a physical meaning for different 
coordinate systems were based on having a space filled with a fluid whose 
flow corresponds to surfaces of constant coordinate value or to normals to 
these surfaces. 

One thinks first of a physical smoke ring as consisting of fluid flow which 
gives it its nature. A set of coordinates can be set up which can match this 
flow. Now one may think of a (spinning) sphere and also set up a coordinate 
set which matches this flow. Can one be transformed into the other? Figure 
6 shows a circular toroid. Figure 7 suggests how such a toroid might be 
mapped to a sphere. 

First, one considers the torus as a smoke ring whose total energy is 
dependent on its volumetric energy density. The smoke ring can then be 
imagined as cut open, straightened, and stretched into a right circular 
cylinder whose cylindrical axis was the toroid’s internal ring axis. This 
discontinuous mapping is followed by a continuous mapping which shrinks 
the cylindrical axis to a point subject to the condition that the distance from 
the shrinking axis to the surface of the changing cylinder remains remains 
constant. This will result in the final sphere at the bottom of Figure 7. 

The singularities of the mapping from the toroid to the final sphere would 
exist first at the ends of the right circular cylinder and finally at the poles of 
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the final sphere. It is obvious that vanishingly small amounts of energy are 
involved at these singularities. In a physical sense, therefore, such a 
mapping can be consider to be isomorphic or non-singular in that energies 
and shapes would not change if one neglects the differential volume elements 
in which the singularities exist. 

This mapping carries a ring (the ring axis of the toroid) into a point (the 
center of the sphere). These objects can, because of the physical isomorphism 
that is here suggested, serve as models for the ’non-local particle’ and the 
'canonical particle’, respectively. Just as the canonical particle was described 
as the limit which a spherical object takes as its radius is reduced, so the 
'non-local particle’ can be the limit which a right circular toroid becomes as 
its toroidal thickness is reduced toward zero. This ring axis of a right circular 
toroid is the limiting form of a physical toroid. It is obviously non-local and it 
is completely within the toroid in a central kind of position, just as is the 
center of the sphere. The ring axis itself has no volume so that it might be 
represented by a delta function whose argument is a radial parameter (a - r), 
where a is the radius of the ring and r is measured from its center. 

This suggestion argues that ’non-local particle’ can given a meaning 
somewhat consistent with that of ’canonical particle’ in that both are 
characterized by delta functions, but 2-dimensional and 3-dimensional ones, 
respectively. Thus, in the rest frames where the sphere and toroid appear, 
respectively, one has a local or non-local particle, respectively. 


IV. NON-LOCAL AND LOCAL PARTICLES IN QM AND EPR 

It has been suggested that dipole half wavelength field distributions are 
quantized and are the hidden variables/^) This object has been named the 
photex. These are discrete ever expanding toroids of constant thickness like 
the continuously deforming kidney shaped objects which Hertz first sketched 
for his illustrations of dipole radiation. 

According to this idea there is a sub-plenum or sea of these objects each 
with an energy deduced from Planck's constant of about 10" 15 electron volts. 
These objects are emitted in all electron collisions and can be considered as 
spreading out in all directions from the point of generation. They serve to 
explain the electron double slit experiment and could play a role in EPR 
experiments. 


66 



Any EPR experiment must have a central particle generator from which 
the test particles start their trips to spatially separated detectors. At this 
point photexi are also generated whose parts will propagate at a radial 
velocity of c. Their ring axes can pass through two remote points in space at 
the same time. The energy of each photex is low but numbers of them could 
arrive simultaneously at remote spatial points. Since these objects are also 
the minimum energy quantum of interaction^ >4) each detector would need 
to have a high enough density of parts of these non-local particles landing on 
them in order to respond. 

Their non-local character and the fact that they travel at the speed c 
obviates many conceptual difficulties which have hampered hidden variable 
explanations for EPR experiments. Just one conceptual difficulty, the 
uniqueness of photexi, does require consideration. As explained above, the 
remote detectors can only intercept a small portion of the circumferential 
extent of a photex. Since a minimum of energy is necessary to actuate a 
detector this actuation energy must come from the simultaneous reception 
and combining of a large number of small bits of these photexi, each with an 
energy of 10' 15 electron volts. This means that although photex generation is 
unique, the local detection of radiation in small photex size chunks of energy 
is not unique. At one locality in space, one needs, therefore, a high enough 
density of bits of many photexi so that the local energy density is sufficient 
for the detection of a single photex. This means that the detected photex is 
composed of of of the many bits. 
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ABSTRACT 

A general description is given of a fluidic model for physical reality. It conforms with 

• 

relativistic invariance in an operational manner. Fluid models replace the canonical particle 
representations. A major feature of this work is a physical representation for the generation of 
electromagnetic waves which are quantized. This is closely related to the Hertzian dipole wave 
pictures. The energy of this discrete minimum electromagnetic dipole half wavelength field 
distribution is approximately 10" 15 electron volts. Many quantum and other effects can be 
calculated via this approach but more important a number of experiments are suggested whose 
confirmation would be needed to bring such ideas into serious contention. 


I. INTRODUCTION 

A model for vacuum space is described in Section II and assumed to consist of the 
superposition of a negatively and a positively charged continuous fluid. This is the basic model 
for a fluid-filled universe. Relative differences in the density of these fluids and in their velocity 
fields are the components for the construction of physical fluid models for the fundamental 
particles/ 1,2 ) A number of general considerations relevant to the use of such fluids are also 
discussed. 
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All this is based on the notion of Builder relativistic invariance which permits that canonical 
relativistic invariance be retained; in an Einsteinian sense in the cosmological rest frame but in an 
operational sense in all the other uniform relative motion rest frames/ 3,4 ) 

This neo-Lorentzian approach postulates an absolute rest frame (the rest frame of the 
universe) in which the velocity of light is c. In all other uniformly moving rest frames the time 
and space contractions are literal and not measurable by its inhabitants. The velocity of light in 
those frames depend on the frame's absolute velocity. The time and space contractions , 
however, are such that the measurement of the velocity of light in these frames will also always 
result in the value c. 

By this means the 'non-invariant-appearing' fluid models for the fundamental particles acquire 
a theoretical and experimental validity consistent with the tenets of Special Relativity. The fluids 
can then be used to provide models for the fundamental particles including their fields. They 
should also be the physical cause for all canonical fields (there is no action-at-a-distance). 

Section III describes how a spinning droplet electron can be constructed from these fluids and 
some of its interesting features. This model exhibits the Poincare stress, the anomolous magnetic 
moment, and results in the calculation of the complete self energy of the electron/ 1 ) 

The field of hydrodynamics provides some aid in visualizing how such spinning droplet 
electrons can generate (or shed) hydrodynamic-like toroidal vortices (similar to smoke rings) 
upon rectilinear acceleration or deceleration. After formation, these vortices would be similar in 
appearance to the initial toroidal half wavelength dipole field distributions first sketched by 
Heinrich Hertz. They would evolve then into the Hertzian continuously radially expanding 
kidney-shaped patterns which are likewise toroidal. This is described in Section IV together 
with many other features of these vortices which are introduced below. 

The imputation is that electrons can emit such vortices in a discrete and nonlinear way and in a 
similar fashion to the vortex shedding behaviour which is seen in spinning spherical accelerated 
bodies immersed in hydrodynamic flow. Upon generation of these vortices from droplet 
electrons their subsequent time evolution is thought to follow that shown in the sketches of Hertz 
rather than that of fluid smoke rings, as, for instance, described by Lamb/ 5 ) 

This idea results in a number of experimental suggestions. Among these are a physical 
mechanism for the electron double slit experiment and a loss mechanism in electron "elastic" 
collisions, both of which can be quantitatively described and tested. 
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It also provides a physical meaning for h, Planck's constant, as the minimum energy quantum 
of interaction, independent of electromagnetic frequency and wavelength. It is also the minimum 
discrete energy which free electrons can emit or absorb. Such vortex generation by an electron 
leads to the physical derivation of the fine structure constant. This vortex entity has been named 
the Photex and is a component of or a decomposition of the photon. 

The extremely small value of these vortex energies, as deduced from Planck's constant, is 
approximately 10" 15 electron volts. They would be generated by electrons undergoing velocity 
reversals at potential walls or in collisions. The de Broglie relation can be used for the derivation 
of the thickness (half wavelength) of the generated Photex from the initial velocity of the 
generating electron. 

This also appears to provide a physical interpretation for the commutation relations. Huge 
numbers of these photexi would provide a universal sea of subquantum energy. It has been 
shown how these ever expanding and discrete vortices can also be considered as non-local 
particles. These vortices (photexi) thus are good candidates for the role of hidden variables. 

Section V describes how the photex can be related to the canonical photon. 


II. FLUID MODEL FOR VACUUM SPACE 

A dual (plus and minus) fluid filled universe gives to free space the qualities of a neutral 
plasma. It is important to note that the presence of these 2 fluids are axiomatic and they are 
invisible when undisturbed. We assume that neutral free space consists of such superposed 
quiescent continuous fluids with a charge density equal to that of, say, the classical electron, see 
Figure 1. 

This will be used to as a microscopic model for space and the fundamental particles will be 
constructed out of the charge densities and velocity fields of parts of each of the vacuum fluids. 
All fields and interactions between particles will be via fluid interactions; thus none of the 
canonical "particles" should be necessary. 

In terms of these fluids: droplets, bubbles, toroidal vortices, and a host of other discrete 
fluidic entities can be made to serve as spatially extended fluid models for the fundamental 
particles and their fields, i.e., electrons, nuclei, photons, electromagnetic field distributions, 
neutrinos, etc. 
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Figure 1. Fluids for Vacuum Space Model. 



Such fluidic charge densities and their velocity fields can be described by a current 4-vector, 

J 4 , and an associated potential 4-vector A 4 . Both of these 4-vectors have a physical meaning; J 4 
gives the charge density and the velocity fields of the fluid and A 4 gives the energy needed to set 
up these charge densities and their velocity fields. They are naturally expressed via the 4-vector 
or quaternion space function, A 4 , which varies continuously throughout the region of a fluid 
model. 

The local differences in the densities of the 2 fluids will cause a net spatial charge density from 
which the electric field, E, can be derived. The velocity fields of these charge densities can 
provide a mechanism from which the magnetic field, H, can be derived. The electric and 
magnetic fields now become quantities that derive from the densities and velocities of the fluids. 

These fluid models can be consistent with a Correspondance principle. The canonical fields 
which have been found for various particles should be the correct answer also when the the 
appropriate portion of the fluid model of the particle is evaluated. The fluidic 4-vectors above, 
given for current and potential are not identical to their canonical counterparts. The canonical 
4-vector of current will not be the same as the fluid current 4-vector since the former refers to 
microscopic charged particles from which macroscopic charge densities derive and the latter 
refers to continuous charge densities even at the microscopic level. 

The 4-vectors of potential for the canonical and fluid case should be identical in those regions 
of space where there is a canonical answer. In regions such as the interior of fundamental 
particles, however, one is then free to continue the J 4 and A 4 functions in such a way as to 
explain or take into account the as yet unexplained features of the particles. The quantitative 
relationships between all these quantities and electric and magnetic fields have been given/ 1,6 ) 
These fields are the usual electric and magnetic fields and their relationship with the 4-vector A 4 
are also the usual ones in that the appropriate gradient and curl of A 4 will give these fields, 
respectively. 

Each of the complete fluid models are constructible using no net charge and no net velocities 
or rotations. This is because both the internal parts of the particle and its external fields are part 
of its fluid model characterization. This means that the dual fluid vacuum space model is merely 
rearranged to make the fluid model for a particle: no net charge or net momentum exists for the 
complete model of the particle. Only energy is required to construct the model. One can also 
provide models for the anti-particles of any particle by reversing the unbalanced charge densities 
and the velocity fields. 
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According to this scheme, mass becomes a derived quantity, in that it is the energy necessary 
to construct the fluid model (its self energy) divided by c 2 . Even in the case of the neutron, the 
neutrality of this particle is due to the net neutrality of its fluid core which can be composed of 
many pairs of equal and opposite charge and flow sub volumes. This will still require that energy 
be expended in the assembly of the model and it will, therefore, have a mass. 


Since mass is a derived quality from the self energy of the fluid model, gravitation should 
have a mechanism in terms of these charged fluids. Bjerknes, Korn, and Prandtl have discussed 
similar fluidic mechanisms/ 7,8,9,10 ^ The discussion of the details of particle fluid models makes 
it plausible that the surface between oppositely charged regions can be the seat for a kind of 
plasma oscillation which could serve as the generator such a mechanism/ 1 ^ 


HI. FLUID ELECTRON MODEL 

The electron consists of a negative charged spherical droplet of density equal to that of the 
original quiescent negative fluid. The positively charged fluid which was superposed on this in 
neutral vacuum space is distributed outside the droplet with a density that decreases in the radial 
direction. The droplet spins as in a rigid body (with curl) with an equatorial velocity of c, or 
rather a small amount less than this of c-(delta). This equatorial velocity will remain the same 
during the droplet's shape change with velocity which wiill be described. The positive charge 
flow outside the droplet occurs in a curl-free manner. See Figure 2, the upper right comer for 
the charge density profile and the lower left and lower right comer for the velocity profile. 

Since these fluids replace electric and magnetic fields it is possible to deduce the necessary 
density and velocity variation needed in the fluids to give the correct value for the electrostatic 
field of the electron. A null value for the magnetic field external to the central droplet volume can 
also be derived in such a way that the magnetic field due to the droplet internal rotation provides 
stability for this model. It provides a radial force equal to that of the Poincare stress which can 
serve to keep the adjacent positive and negative charge densities separate, see Figure 2. 

A detailed accounting of the total energy necessary to set up this model results in the full 
agreement of this fluidic self energy with the energy equivalent of the rest mass of the electron. 
At the same time it gives a value for the magnetic moment of the electron equal to its anomolous 
canonical value. The details of this have been given elsewhere/ 1 ^ 
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It should be emphasized that the great freedom which the use of fluids provides in the 
construction of arbitrary fluid densities and velocity fields is what makes it possible to do this. 
Until such time as these theoretical phenomena result in confirmed experiments which 
demonstrate their practical physical effects they must be viewed as conjectures. 

One must remember that it is possible to speak of this model in this literal Newtonian fashion 
but still consider it as a relativistically invariant model. In any rest frame this electron droplet 
should be deforming with velocity. Such a constant volume droplet in motion would behave in 
similar way to that described first by Langevin/ 11 ) The spin axis of the droplet will be parallel to 
the velocity vector. The spherical droplet will deform into a spheroid with increasing velocity so 
that it is shortened in the velocity direction and lengthened in all lateral directions. 

The longitudinal shortening follows the Lorentz distance shortening formula so that because 
of the constant volume condition the electron droplet lateral diameter increases as the inverse 
square root of its shortening. Even though all of this is happening it would not be evident to an 
observer of this moving electron except for the increase in the measured mass of this electron. 
Hydrodynamically or rather fluidically, the reason for the mass increase is due to the greater 
oblateness of the spherical droplet; the increased kinetic energy of the electron is stored in the 
oblateness itself and the greater cross section of the droplet makes it harder to push through 
space, which we call its increased mass. 

Figure 3 depicts this by showing cross sections and 3-D sketches of the spherical and oblate 
droplet which are in the upper and lower parts of the figure, respectively. The crosses and circles 
are merely to show the fluid flow inside the droplet: crosses, into the diagram and circles, out of 
the diagram. 

If the electron is stationary in a rest frame, the motion of the rest frame will cause a 
deformation of the electron droplet (and everything in the rest frame). This, however, will not be 
measurable to the observers in that rest frame. In this way operational validity for invariance is 
retained while carrying on the analysis of this non-invariant appearing electron droplet model. 


IV. THE SHEDDING OF A VORTEX BY THE ELECTRON DROPLET 

ELECTROMAGNETIC DIPOLE WAVE GENERATION-THE PHOTEX 

A sufficiently simple model for the generation of electromagnetic (EM) waves by charged 
particles (electrons) must first be given. For this reason, we restrict considerations here to 
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electrons in rectilinear motion including both acceleration and deceleration, somewhat like the 
vibratory motion which is used as a condition for deriving dipole radiation. 

The discussion up to this section has been a prelude to this discussion of how spinning 
droplets can generate dipole electromagnetic radiation upon acceleration and deceleration. 

No simpler example exists for the consideration of electromagnetic wave generation than that 
of an electron in such rectilinear motion. The sketches first made by Heinrich Hertz of the 
Electric and Magnetic field distributions found about a charged particle in rectilinear vibratory 
motion are our starting point, see Figure 4a. 

The great importance of this model must first be pointed out. Physics possesses no simpler 
example for the generation of EM fields with the advantage of a clear associated picture (Figure 
4a) which illustrates the field details. 

We assume an electron at O undergoing acceleration and deceleration in the z direction. The 
axially symmetric E fields are shown for the right hemisphere. The wavelength is shown larger 
than the classical electron radius. The fields sort of repeat for every half cycle but with a reversal 
in the direction of the E lines. 

That is, each half cycle field distribution appears to be isomorphic to its position at subsequent 
times since each such distribution appears to evolve in time as a continuous 'flow' of the field 
lines. Initially, this appears to exist as a toroid of circular cross section which girdles the electron 
equator and then moves out in the radial direction, becoming deformed into the well known 
kidney shaped patterns shown in the figure, which Hertz first sketched. 

If one compares this picture with the mathematical solution for dipole EM fields, as given in 
standard texts/ 12,13 ) a number of striking contrasts 

are evident. The pictured toroidal fields are not directly evident from the dipole field equations. 
The equations, which are complicated, include a number of terms with different names (i.e., 
radiation field, induction field, etc.,). The continuous deformation of the field distributions with 
time are not evident. 

The longitudinal E fields, which are initally evident in the half cycle field distributions close to 
the origin decrease as the field distributions 'flow' and move out to greater radial distances. 
Stratton mentions his qualms about using the Poynting vector at infinite r and imputing those 
resulting solutions to dipole EM fields at finite r, which implies the 'flow' of field distribution 
lines. 


77 




Figure 4. Hertzian Wave Pictures, (a) Hertzian Dipole Radiation 
(b) Single Photex Field. 


Figure 5. Dipole Fields: 

(a) Near and Far 

(b) Far Only. 




The diagrams in Figure 5a,b show the dipole field distributions with and without the 
near fields included. When the near fields are included it can be seen that the half wavelength of 
the fields is reached only after these fields have moved a few wavelengths from the origin. This 
also appears to show how physical and how fluidic is the time and space evolution of these 
fields. We continue the discussion in terms of the far field pictures of Fig. 5b but the near field 
pictures should be kept in mind. 

Another advantage of considering these dipole field distributions is that it contains the "entire" 
field. Thus the usual consideration of electromagnetic energy in the "simple" form of plane 
waves is simply not a realistic model that comes from physical reality whereas the dipole field 
distributions are. 

These remarks are part of the basis for our view that the Hertzian pictures are good guides for 
the construction of fluidic physical models for the generation and evolution of EM dipole fields. 
This dipole field case is also sufficiently general, because it has been shown that arbitrary EM 
fields can be built up from the superposition of dipole EM fields. 

There are numerous examples from the field of hydrodynamics where rigid and non-rigid 
spherical bodies in a stationary or uniformly flowing fluid are given a swift 'kick'/ 5 ) They 
respond by moving in the direction of the 'kick', but with the simultaneous non-linear generation 
of a hydrodynamic vortex (which is something like a 'smoke ring'). This usually is called the 
shedding of a vortex. It is well known in hydrodynamics that todoidal vortices have finite 
energies (which is not the case for even finite lengths of straight vortices). 

Using the Hertzian pictures as a guide, it appears as if a charged droplet were being kicked 
back and forth in the z direction of Figures 4 and 5a and a contiguous number of vortices of 
alternately opposite rotation are being formed in the positive charge surrounding the electron 
droplet, which was described in the previous section. 

Presumably, because of the nature of the dual fluid model, each vortex which is generated at 
the equator of the electron droplet moves out radially at the speed c becoming deformed into the 
kidney shaped field distributions. This is contrary to the behavior of hydrodynamic vortices 
which are either static or slowly increase in diameter (they also behave in an interesting manner 
when interacting with other vortices)/ 2,5 ) 

We suggest that each such fluidic vortex correspond to a half wavelength dipole field 
distribution. Further, each such field distribution, should be considered as a separate, unique, 
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discrete entity which may not be subdivided into anything smaller. Figure 4b shows this single 
vortex entity. A continous sequence of these is what the Hertzian pictures show. On the other 
hand, one can now, using this model, consider a finite wave train as consisting of an arbitrary 
number of contiguous vortices. 

The process for the formation of these vortices is inherently non-linear and, once formed, 
each of them is no longer controlled by the generating electron droplet. Numerous physical 
examples illustrate this in hydrodynamics, i.e., eddies, whorls, smoke rings, etc. 

This toroidal vortex is extended in space. It is thus obviously non-local, discrete, but within 
its own boundaries its charge densities and velocity fields are continuous. Thus the contiguous 
assembly of these vortices, however, would provide a continuous EM dipole field model as in 
Figures 4a, 5a,b. 

Returning now to the single fluid hydrodyamic case, the energy of the toroidal vortex shed by 
a spherical body immersed in hydrodynamic flow, when it is 'kicked', is obviously finite. 
Referring now to the dual fluid electron droplet model, the EM vortex shed when the droplet is 
'kicked' is likewise assumed to have a finite energy. In addition, however, this vortex energy is 
assumed to be a fixed amount. This condition is meant to hold as the duration of the 'kick' is 
varied. In this way all vortices that are generated will have the same total energy but with 
different cross section diameters or half wavelength dimensions. The volumetric energy density 
will, of course, decrease for increasing wavelength. 

This means that if the electron droplet were 'kicked' more slowly the same total energy would 
be delivered to the vortex per 'kick' and its wavelength will increase (its frequency will decrease); 
a rapid 'kick' will do the reverse. 

How are such 'kicks' to be administered? Consider the case of a tennis ball moving toward a 
wall where it decelerates to zero, deforms slightly at the wall when it reaches zero velocity, and 
then accelerates in the reverse direction to a velocity equal to its incident velocity (if there were no 
losses in this process). 

It is here suggested that the electron droplet acts in a similar manner when confronted by a 
potential wall. Now, however, there will a vortex generated upon the droplet's deceleration to 
zero velocity at the wall and another vortex of opposite rotation, upon the droplet's acceleration in 
the opposite direction to almost its initial velocity. This is the model for what is meant by 'kick'. 
Figure 6 shows how would occur at a potential wall or boundary. The generation of these 
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discrete vortex pairs (each of which will be given the name PHOTEX) is, we believe, a physical 
phenomenon whose existence has not hitherto been suggested (see below). 

If now one considers this happening at a set of different droplet velocities the meaning for the 
duration of that 'kick' is evident. It corresponds to the change in the droplet deformation time 
during which 

the toroidal vortex is being generated. At the different droplet velocities vortices all with the same 
energy of formation but with different diameters are formed. 

The usefulness for the de Broglie relations for this suggested phenomenon lies in the fact that 
the generating electron motion, 

(its velocity) can be related to the diameter of the toroidal vortex and and hence to its half 
wavelength. Thus via: 


p = h/>* or p = 4 hk [ 1 ] 

one connects p (mv), the momentum with the wavelength, X. 

Since a vortex corresponds to a half wavelength field distribution (and is also a half cycle 
phenomenon) one may relate the number of contiguous vortices passing a point in space in a 
second to the meaning of wavelength and frequency as follows: 

lambda/2 = one vortex thickness or length, 

wavelength = lambda = 2 vortex lengths = length of one vortex pair, 
half cycle = one vortex, so that: one cycle = two vortices, 
f = frequency = cycles per second, 

2f = no. of half-cycles per second = no. of vortices per second. 

The definition is made: 


This vortex is to be called the Photex (plural is Photexi ). 



The quantum energy relation is 


E = hf [ 2 ] 

where E is in ergs, h in ergs per cycle per second, and f in cycles per second. Using the above 
ideas, f is not the frequency of a continuous wave train but represents a finite wavetrain 
consisting of a number of contiguous photexi. In this way we get: 


E = (h/2)(2f) 


[3] 


where E is in ergs, 2f is photex pairs per second, and h/2 is ergs per photex per second. 

The major suggestion in this paper that h/2 be identified with the minimum and discrete energy 
that the electron droplet generates in each of its half wavelength dipole field vortices. 

Both of the above equations would apply to an observer in an ordinary physical rest frame 
(PRF). If one defines a rest frame for the generated photex, this will be an electromagnetic rest 
frame (EMRE). Such a rest frame is only conceptual since it travels at the speed of light, that is 
the vortex ring is moving radially outward at c. One can, however, make the following 
interesting and dramatic correspondence between these two frames: 


[one photex in an EMRF] [one photex/second in a PRF] 


[4] 


It then follows that: 

[ h (ergs/cycle/second)] PRF 


r 


n 


i i 





[ h (ergs/2 photexi/second)] PRF 
[ h (ergs/2photexi)] EMRF 


[5] 


This means that the meaning for h in the last expression above no longer contains time and its 
numerical value corresponds to 2 photexi directly. Details of this have been discussed^. We 
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note here, however, that the correct grammatical designation for electromagnetic waves must 
always refer to them as cycles or half cycles per second . This is because we are always in a PRF 
and can only experience electromagnetic waves as dynamic phenomema which travel at the 
velocity c. In the conceptual (but useful) EMRF, that which occurs in a PRF as a cycle per 
second must appear as a cycle to the inhabitant of the EMRF. 

Converting h into two convenient energy measures for the photex we get: 

Photex energy = 2 x 10" 15 electron volts, approximately, [ 6 ] 

or .4 x 10" 47 grams. 

This is a minimum energy or mass based on the above discussion since the energy per photex 
is a minimum. Much additional discussion of this is contained in reference 1 and its references. 

These ideas can be connected with the Proca relations. The relation: 

(W/c) 2 = k 2 , [7] 

for EM waves was extended by Proca to include photons with a rest mass, m x , with the 
modified relation: 


(6>/c) 2 = k 2 + m x 2 [ 8 ] 

The above equation is the dispersion relation that allows for the possibility that the photon may 
have a finite though small mass. 

According to the ideas presented here the above dispersion equation can be written three ways: 


(co/c) 2 = k 2 [9a] 

m 

= E m A 2 [ 9b ] 

i 

= kj 2 + m x 2 [ 9c ] 
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This could now apply to finite dipole wave trains. In this case, k is the wave number for such 
a train (Eq. 9a above), refers to the n photexi which are being summed, thus making up the 
full wave train (Eq. 9b above), and finally kj is the original wave train minus one photex (or half 
cycle) and m x is the energy (mass) of one photex (Eq. 9c above). 

Many of the experimental methods which have been described for the measurement of photon 
mass are consistent with the ideas which have been described here^ 14 / This is because most of 
these methods depend upon a Proca-like equation such as Equation (9) above. These equations 
may equally well represent the photex which has been described with the feature that the photex 
always has the velocity c and need not travel at less than c as others have assumed for a photon 
with rest mass. In addition, the estimates of photon rest mass lie close to that of the photex rest 
mass of about 10" 47 gms given above. 

Figure 7 shows an experiment whereby if a moving 50 electron volt electron makes many 
velocity reversals it should lose about one electron volt of energy for every approximately 10 15 
collisions/ 1 ^ Solitary electron experiments as have been described by H. Dehmelt may soon 
permit such experiments to be done. 

Figure 8 shows the electron double slit experiment and the presence of the photex pairs first 
seen in Figure 6. Their presence should be capable of deflecting other electrons passing through 
the slits so that the usual diffraction pattern forms. This would also be so even for solitary 
electrons because of the presence of the image electron and image photexi in the conducting face 
of the slit structures. Modifying the structures by varying the resistivity of the materials or even 
using insulators should make calculable changes in the final diffraction pattern/ 1 ) 

Figure 6 may also be used to provide a physical meaning for the commutation relation: 

xp - px = ih [10 ] 

where some constants have been supressed. As shown in Figure 6, one can consider a electron 
incident upon a wall with say, a momentum p at a point x which can be the horizontal position in 
sketch 2. After it has rebounded from the wall and again reaches the same postion x in sketch 5, 
it will have generated a photex pair and thus will have lost an energy of about 2 times 10" 15 

electron volts. The term xp in the above equation can refer to sketch 2 whereas the term px can 
refer to sketch 5. Equation 6 will thus stand for the fact that the px product difference between 
the sketch 2 and sketch 5 situations corresponds to the loss by the electron of the 
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above small amount of energy and although x is the same in both cases, p is only the same to 
within the small amount of 2 times 10' 15 electron volts. Thus although each of the p terms in the 
above equation are sensibly equal their small difference is expressed on the right as h. The 
meaning for i is discussed elsewhere in this volume. See 'Logical Meanings in Quantum 
Mechanics for Imaginary and Transfinite Numbers and Exponentials'. 


V. THE PHOTON-PHOTEX RELATIONSHIP 

The canonical meaning for the photon is, of course, not the same as that of the photex which 
has been presented here. The photon energy corresponds to n photexi where n is the number of 
these photexi which can be put into a contiguous spatial relationship which can pass a point in 
space in one second. This, in fact, is the meaning of the canonical Planck equation, E = hf. The 
one half cycle decomposition of the photon energy which is the photex still does not explain how 
a photon can at one instant and at one point in space possess an energy hf. If one considers an 
electron with a kinetic energy E, it can be seen that it can emit a photex or photexi pairs which 
have the requisite wavelength and frequency behavior. 

They can, moreover, generate huge numbers of these photexi which are almost identical in 
wavelength and frequency, since the small energy of 10~ 15 is very small compared to sensible 
electron energies. Since the time resolution of photon adsorption time is not less than 
approximately 1 O' 8 seconds it may be possible for huge numbers of photexi to be generated 
within such times, but each photex would still have to contain many times the energy of the 
photex which has been postulated here. 

On the other hand, in an atomic emission as distinct from the free electron fluid droplet 
behavior which has been described, single field distributions having energies of hf could be 
possible. The absorption of such a spatially extended field distribution by a much smaller 
electron droplet or atomic fluid model may be fluidically picturizable. This picture can be gained 
by considering the pictures in Figures 4 and 5 to be played in reverse to the time sequence which 
gave us the evolving patterns of those figures. 

The photex exhibits a non-locality which would be necessary if it is to be considered for the 
role of hidden varaible. This is discussed elsewhere in this volume. See 'Relative Metrics and 
Physical Models for Non-Local Particles'. 

We close with a sketch, Figure 9, of spherical charge and flow subvolumes taken from work 
in spin waves in ferrites. It is may prove useful to consider such fluid charge and flow regimes 
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as the kind of fluid models which will have to be constructed for the heavier particles such as the 
proton, neutron, etc. In this case, higher order mode numbers could correspond to isotopic spin, 
strangeness, etc. 
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DISCUSSION I. 


Compiled and interpreted by D.W. Kraft and E. Panarella 


Hunter . I wonder if Honig is aware that J.J. Thomson had a similar model 
of the photon from about the mid-1920s. We discovered some papers where 
he has an oscillating dipole and toroids very much like yours together 
with related material from Bjerknes and Korn. 

Honig . Yes, and there was another Thomson about 1850 who had something 
similar. I reference it in my paper. 

De Martini . Can you relate your paper to the kind of calculation that 
you have in systems like the electron-positron sea in which you can have 
effects of vortices and de Broglie waves? 

Honig . I do not assume the existence of de Broglie waves? I'm assuming 
everything can be constructed from my dual fluids. 

De Martini . Can fluid-dynamic model be understood in terms of a fluid 
like the vacuum field, like the Dirac ether, or something that is made up 
of electron-positron pairs? 

Honig . It might be. My dual fluids are continuous at microscopic levels 
with respect to an electron itself. I'm making electrons out of these 
fluids and these fluids are continuous even down to that level. I'm 
hoping to explain everything with just these fluids. 

De Martini. Can you explain photons in this way? 

Honig . I did not reach the photons in this paper. I'll try to reach 
that on Wednesday, but there's obviously a connection. All I'm talking 
about here is energy per half cycle or per half wavelength which I call 
the photex. There is an intimate connection between them and I hope to 
explain at least a little of how a photon is related to the photon. In 
some cases I say that the photon is identical with the photex. What I 
mean is, when people talk about a photon mass of 10 -i+7 grams, 
corresponding to 10“^ electron volts, that could be referring to my 
photex, but when one talks about photon excitations; photons of 3, 4, or 
5 electron volts, they're not talking about a little 10 " ^ electron volt 
toroid. Remember I'm considering isolated electrons here; what you're 
talking about are atomic excitations. In that case a lot more happens 
because, as I have not said yet, my electron model is, a droplet when it 
is in isolation and is moving around. Such a fluid model electron to me 
appears to deform into some sort of open or closed bubble so that it 
encloses the nucleus, and as an atomic electron is some sort of spherical 
or deformed bubble which, when you strip it from the nucleus# coalesces 
then back into a droplet. Everything is fluid. 
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De Martini . I want to comment on Selleri's paper. I think that many of 
Selleri's proposals can be understood better from other pictures. For 
example, the spontaneous emission change in lifetime or intensity in 
front of a mirror, which is generally understood as an effect of 
reflection of vacuum fluctuations in front of the mirror. An alternative 
picture is the self-reaction of the atom. But this theory is very well 
understood and now everybody attributes this effect to the vacuum 
fluctuations. I worked out the theory and the experimental result 
becomes exactly like the quantum electrodynamics prediction. A second 
example is the Bohm-Aharonov effect. The best way to think of this 
effect is... just like... Loudon's people have seen this effect. It is a 
very interesting evidence of a Yang-Mills field of the photon. It is 
related to the very fundamental gauge theory for a particle of mass equal 
to zero. This is a common interpretation, so I don't know what the 
de Broglie waves can do. With respect to amplification of photons, a few 
authors that treat it, for instance it is treated in Loudon's book, do so 
very properly with the Glauber representation. If you use a-state 
representation, you don't work these problems with z and <j>. You treat 
them with the complex representation and the experimental results agree 
perfectly with the theory, so the philosophy of what I'm saying is that 
there are many experiments that can be anticipated. But, one has to be 
very careful to work out the theory very well before starting them. For 
example, the experiment of Gozzini cannot be done because it is not ever 
possible with photons to single out a pure state. Usually, when one 
works with photons, one can never think to have only one photon. You 
have a chaotic or a coherent superposition of a-states or..., but never a 
pure state. One has to be very careful before starting with "gedanken" 
experiments that cannot be done. 

Selleri . In answer to your first two points, I would stress that what I 
tried to do was to give a unified picture of different phenomena, instead 
of looking for a different picture for each phenomenon. As far as the 
third point goes, I disagree with you because not only I have followed 
what Gozzini has done and written, but the study has been repeated two 
other times; the first by Giovanelli of Milano and the other time by De 
Giorgio of Pavia. The three people who have made a study of the 
experiment think that the experiment can be done. 

De Martini . But De Giorgio is a theoretician who assumes at the outset 
to have a single photon. This cannot be. One can never have a pure 
state. One cannot do the e^qperiment. 

Selleri . De Giorgio has done the calculations with a coherent pulse. 

De Martini . I do not find in any experiment that has been done in 
optics, a system in which you can prepare only a single photon, and be 
sure of that. There is nothing against it, but, so far, it is an 
experiment beyond our capabilities. 

Panarella . As an experimentalist, I have t.o agree with De Martini, that 
there are problems in creating single photons or single particles because 
we usually create many of them. But there are also problems in detecting 
them. We know very well that no known detector has 100% quantum 
efficiency. There's no way we can escape that reality. Maybe sometimes 
under special design specifications we can achieve up to 40% quantum 
efficiency, but certainly the experiments that have been done so far 
never dealt with such large quantum efficiency of detection. So then 
this brings about really two things simultaneously: we can't really make 
single photons or single particles and we can't really detect single 
particles; certainly we detect one particle, but there are many others of 
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them around somewhere, and we pick up only one of them. This brings me 
to what I have been thinking for a number of years now is that my fellow 
experimentalists have deceived the theoreticians by injecting the notion 
that we are dealing with one particle at a time in our apparatus. They 
state that, with high probability, they are dealing with one photon or 
one particle. Well, I think that they have stretched their imagination. 
What they have in fact done is merely to hypothesize that they are 
dealing with a single particle at a time, and they should have said as 
much. So I have to agree from the reality point of view that it is very 
difficult to create single particles, without many others around, and it 
is even more difficult to detect single particles that are not isolated 
from the others. 

Selleri. I would like to make another comment on this single photon 
business. First of all, what I've been discussing here was not under the 
assumption that the experiment had to be made with single photons, but I 
was talking about coherent pulses. However, I think it is also not true 
that it is impossible to approach a situation of single photons, which 
is, of course, a different question, but also an interesting question in 
itself. Because, you see, if we produce laser pulses, one after the 
other, and if we lower very much the average number of photons, then 

there is that formula which I wrote for the probability <n> n /n!, which 
says that, if I take a very low value of <n>, say 0.1, then I have a very 
high probability of having zero photons; of course that I would never 
detect. So the dominating contribution of what is left is from single 
photons. Of course I always have some impurity from 2, 3, 4 photons, but 
the impurity can be reduced as much as one wishes by taking a small 
enough value of <n>. Since the disagreement between the two approaches 
to the stimulated emission coincidence is as large as 20%, one does not 
need to go to the limit of perfection where you have only one photon and 
nothing else; it is enough to go reasonably close to it, like having a 
detector registering 90% of the times single photons. So, De Martini, 
you require perfection - of course perfection's never possible - I think 
that is an ideological touch to say that we want perfection and then it 
is not possible, so we are wrong. 

De Martini . If you want to start from laser pulses you have to be 
consistent with your picture and you have to use the correct 
formulations. This is not a correct formulation; it is not a complete 
formulation. You have to discuss not the P(n) but the P(a) distribution, 
where a is the Glauber state, the coherent state. If you use this 
formula, you come out with the right answer. As a matter of fact, if you 
go to 0.1 average number of photons in a coherent pulse, one loses 
coherence completely because one photon does not belong to a coherent or 
an incoherent state, it is just incoherent by itself. It is a coherent 
effect by itself. What I feel is that you are using an old-fashioned 
theory and not the good one to try to criticise. In order to see what 
Panarella was saying, I remind you that photons are Bosons, so they show 
a very distinct Bose condensation when they are emitted. So they tend to 
be emitted not only one, and another, and another, but rather in bunches. 
Certainly when you go to the limit of incoherency, the detection problem 
is very important, for you can never have 100% detection quantum 
efficiency. Now, you can keep speaking about the possibility of 
de Broglie waves, but I think you should look for something different. 

For example, one experiment that I am going to do is to look at 
de Broglie waves in a transversal way, rather than in a longitudinal way. 
This would be much more interesting, because it would eliminate all this 
problem of timing, the coherente time, etc. So this should be another 
possibility. 
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Aspden. I want to comment on Honig's paper. I've got considerable 
difficulty in visualizing a neutral mix of positive charges and negative 
charges in a vacuum which is wholly fluid and which doesn't contain any 
energy in its undisturbed state. Now if we're going to have a fluid 
model of this kind, and if we're also going to have positive and negative 
charges mixed in, I think the model could be simplified if we took the 
view that positive charge is fluid which is expanding and negative charge 
is fluid which is contracting; they bounce at any moment, and in fact, 
there is an oscillation but the oscillations that are in phase constitute 
charges of like polarity at any moment and oscillations which are in 
anti-phase would relate to unlike charges. Now, that seems to be a way 
of even explaining the nature of electric charge, which is an advantage. 

The other factor about it all is this: We've heard today about 
empty waves - waves which somehow travel through the vacuum, but carry no 
energy. Well, we all know that there is a fundamental difference between 
electromagnetic waves and waves on water; that is, they're so different, 
they don't compare. But at the very deep level where we're talking about 
fluids in the vacuum, it might be possible to think more in terms of the 
type of wave you get on water. Now when you drop a drop of water onto a 
surface of water, it then generates a wave. Waves can travel and the 
energy in the system can be disturbed. I'm saying that maybe these 
ghost-like waves are actually oscillations of energy that is actually 
present in the vacuum in its undisturbed state. There's a kind of 
regular pattern here that is set up. So I think there might be something 
in developing models of this kind, providing we're looking to solve some 
of these problems that we are running into now. 

Honig . I think that you're describing some of the ideas you'll be 
explaining. I should mention that that happens to correspond in a very 
analogous fashion to work of some of the early workers in pulsation 
systems and I'm sure you'll be explaining that in the future. 

Vigier . I have three comments to make. First, the essential trouble 
with the photons is that they are Bosons and that you have that bunching 
effect. So you can never be sure you are really dealing with one, but of 
course this does not prevent you from doing experiments with 
amplifications, so I would not condemn experiments like the one proposed 
by Selleri because there is something very important and mysterious in 
that whole process. Are spontaneous emission and stimulated emission 
really different? Of course, I agree with De Martini that those 
experiments with the mirror and the lifetime of atoms are evidence of 
vacuum fluctuations. I think this is well-established. This strengthens 
Selleri's position that maybe the waves are responsible for the 
stimulated emission. That is at least a reasonable possibility. I don't 
know how far one can criticize his experiments, but I think his direction 
is worth exploring. 

The second point is that with Bosons, you can never be sure that you 
are dealing with one particle at a time in the interferometer, but in the 
case of Fermions, and especially in the case of the neutrons which I 
mentioned this morning, of this you can be certainly sure. Rauch is sure 
that he is really dealing with neutrons one by one, and this type of 
experiment has gone way beyond everything that has been done until now. 
And I think this confirms very strongly Dirac's famous statement that 
particles interfere with themselves. 

This now brings me to Honig's models. I like some of his ideas: 
that particles are extended structures and that there is no basic 
distinction between particles and fields, which is an old idea of 
Einstein who compared particles to singularities in the field. But, all 
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of what he said today resembled too much a return to the old classical 
ether models of the nineteenth century. Something fundamental has 
happened in between and this is the idea of the fact that isolated 
particles interfere with themselves. It's no use to say this is true for 
neutrons but not for other particles. There is no way in which you can 
interpret the double slit interference experiment by interactions between 
particles themselves. The isolated particle somehow interferes with 
itself. There's no way out of that, and no model can be produced which 
does not account for that fact. This is the boundary between classical 
and quantum mechanics and there's no way to bypass that in any simple 
way. So I would like to see how these photex models explain the 
interference. Beyond that, there's something even stranger in quantum 
mechanics and that is the existence of a 4-pi and not a 2-pi symmetry of 
spin-^ particles. Now, any model of an electron as an extended sphere is 
all right with me for it's probably true that particles are not 
dimensionless points. But you have to explain the 4-pi symmetry as 
correlated with spin. If you don't do that, your model is in trouble. 

Now Dirac has explained that 4-pi symmetry with an elastic, not a fluid, 
topology. So, if the particles are extended structures, and if you can 
compare the spin to an internal rotation, which I believe is true, then 
you have to have a model that is not purely fluidic. 

I wish now to address Honig's model for the ether. With the zero 
point field having become an essential part of the quantum mechanical 
formalism, it has become the trend to reconsider the ether's existence. 
However, any model of the vacuum must not only be neutral, but must also be 
covariant with respect to all observers and should offer no resistance to 
motion. I know of only one model which possesses these features and that is 
the Dirac model of the ether, published in Nature in 1951. Dirac achieves 
covariance by dropping the static model of the ether; your static model can¬ 
not have a covariance structure built into it and therefore is not correct. 
But if through any small space time region you can pass a distribution of 
particles which have an equal surface density of four-momentum on the 
mass shell, then this is covariant because the Lorentz transformation 
transforms the light cone, the mass shell, and the stochastic distribution 
into themselves. The second condition requires that, since the vacuum 
offers no resistance to motion, you construct something like a superfluid 
model of the ether. 

All of these models are very interesting but they must both 
reproduce the known results of quantum mechanics, and also go beyond it 
to predict new phenomena that are not within the quantum mechanical 
formalism and that are not contradicted by observation. 

Honig . I would like to ask Dewdney about his film and computer 
simulations. Are you working on applications for these techniques? 

Dewdney . Yes, whenever the film is shown, people suggest calculations 
which could be done. 

Hunter . The problems you described were all scattering problems using 
wave packets. Can you apply it to bound states, say for the hydrogen 
atom? 

Dewdney . Yes. We have done that. We found some strange features such 
as states with zero angular momentum. This was published by Bohm. 

De Martini . Vigier stated that one-particle interference is a 
demonstration of de Broglie waves. But there is another picture which is 
described in a recent book by Nelson. He discusses a static and dynamic 
background field, perhaps a Dirac ether, which has nothing to do with the 
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particle itself, but it feels all the boundary conditions. If you put a 
two-slit screen in this field, that prepares for the particle a set of 
trajectories, so when the particle arrives, it follows some of these 
trajectories. 

Thus you have these two pictures. In one, the particle has a 
background associated with itself, in the other there is a static Dirac 
ether that feels all the boundary conditions of the ejqperiment. If you 
close one slit, the vacuum field overrides itself to take out the 
possibility of any fringes. 

Vigier . The Nelson formalism you refer.to is the so-called stochastic re¬ 
interpretation of quantum mechanics. /It rests on the idea that, such a 
medium can support organized collective motions which can be represented by 
the de Broglie waves. The stochastic analysis of such a vacuum gives you 
the wave equations of quantum mechanics, which, in this way, at least for the 
relativistic spin-zero case, can be deduced from the chaotic motion: exactly 
like you can deduce the equations of a sound wave in the chaos of the mole¬ 
cules in this rocm. In that sense, there's no difference between Nelson's 
point of view and ours. Now, de Broglie compares a particle to an oscillator 
surrounded by its own sound wave., much like an airplane flying at Mach one 
moves within its own sound wave. You need that wave if you consider the in¬ 
terference formed in a double slit experiment... the group velocity of the 
wave surrounding it. The wave goes to both slits and you pick up the inter¬ 
ference pattern. You cannot build chaos and cancel out the collective motion 
on top of the chaos. In a paper we wrote collectively last September in 
Physical Review, we showed that the quantization laws for hydrogen can be 
deduced from such a picture by assuming that the electron has an integer 
number of oscillations around a Bohr orbit; from that model, you can quan^ 
tize the action immediately. Thus the quantization is a straightforward 
consequence of the de Broglie wave picture. The particle must be accompan¬ 
ied by a wave, or else you cannot predict the interference pattern correctly. 
Here is where stochastic electrodynamics (SED) gets into difficulty, namely 
it has trouble in re-interpreting the hydrogen orbits as stable quantized 
orbits. This can be done only with the de Broglie wave, so you cannot eli¬ 
minate the wave surrounding the particles. 


Wadlinger . I believe one can gain much insight into the nature of 
radiation if the word 'wave' were included in the units. For example, 
the units of Planck's constant would then be joule-seconds per wave. 
This is discussed at length in my paper in the Journal of Chemical 
Education, November 1983. 


Kostro . I have a question for Selleri concerning the empty waves. The 
distance covered by the de Broglie wave of a particle in a time equal to 
its period T is equal to its wavelength Ag = uT, where u is the phase 

velocity of the de Broglie wave. If we assume that the particle has a 
trajectory then the distance covered by the particle in the time equal to 
T is i = vT. From the de Broglie relation we obtain Ag = h/mv where mv 


•L 

is the momentum of the particle. We can show that l = -*=— where mu is not 

mu 

the particle momentum but is nevertheless a real physical quantity. 

Instead of writing mu we can write —- vu. 

c 2 


As one can see, the considered 


momentum depends upon the frequency and upon the phase velocity of the 
de Broglie wave and therefore it has to be considered as momentum of the 

de Broglie wave p B = —— v R u. We can also show that the de Broglie wave 

a c z a 
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If it is so, can we say that the de Broglie 


h o 

has energy Eg = —— v B u . 

wave is empty, i.e. does not carry either momentum or energy? That's my 
question. For Einstein the real physical space constitutes a "total 
fluid", i.e. a field of all kinds of actions. The physical space, as 
such kind of field, has energy and mass as well. It is therefore 
"material", i.e., it constitutes an ether. de Broglie waves, as waves of 
Einstein relativistic ether, carry a special kind of momentum and 
energy. 

Selleri . It is a matter of taste whether one wants to adopt this kind of 
energetic approach. In a sense it is unsatisfying to introduce empty 
waves - by the way, 'ghost-fields' is a joke of Einstein's - these fields 
are real. 

Of course it is possible to attribute energy and momentum to the 
wave; however, as Vigier puts it, the wave has energy and momentum but 
they are not observable. Then we have a mystery: why does a wave have 
energy and momentum and why are they not observable? I prefer to think 
that the wave does not have energy or momentum, and that presents me with 
a philosophical problem. I am realistically minded so I have to ask if 
this contravenes realism. My feeling is that it does not because we talk 
about energy and momentum because we know they are conserved, and for no 
other reason. There could be a reality described by different physical 
entitites. 

Vigier . Dewdney's films showed that some of the particles with energies 
lower than the barrier potential get by the barrier. This means that 
they absorbed energy from the wave. Unless you are going to say that 
this energy comes from nowhere, you have to say that there is a real 
distribution of energy and momentum in the wave which explains the 
quantum potential. 

Now the argument that you only observe particles can be justified 
following Einstein's views, namely the singularities in the field 
represent the particles and you only observe the particles, and 
indirectly, the energy and momentum of the gravitational field. So 
that's a general property of the relation between fields and particles. 

If you accept that the particles move in space and time then the field 
gives energy to the particle and unless you are producing effects without 
causes, you are obliged to pick up something like what Kostro just said. 

De Martini . You can have quantum tunneling. 

Vigier . You can interpret it as a quantum tunneling according to the 
arguments of Heisenberg and Bohr, but then you have to accept 
Heisenberg's statement that energy-momentum is not conserved except statis¬ 
tically. 
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SUMMARY OF F. DE MARTINI'S PAPER, TESTING OF PARTICLE 
DISTINGUISHABILITY WITH LASER INTERFERENCE EXPERIMENTS 


William M. Honig 

Western Australian Institute of Technology 
Perth, Bentley, 6102 
Western Australia 


F. De Martini 1 s contribution was a description of the first results 
from his laboratory of the experiments in the title. He set up a laser 
interferometer by splitting the laser beam into two arms which were then 
recombined; a photon counter was placed so as to count photons in the re¬ 
combined beam. One of the interferometer arms had a transparent, but trans¬ 
lucent plastic disc placed in it, through which the light in that arm pass¬ 
ed. Photon counting was then carried on when the original unsplit beam was 
attenuated throughout a range of intensities. The final photon counter 
readings varied from more than several thousand photons per second to the 
lowest levels of less than ten photons per second. Each of these readings 
was taken with the plastic disc stationary, and each such reading was con¬ 
sidered as the standard or reference level for the particular setting of 
attenuation of the unsplit beam. 

The second part of the experiment consisted of repeating the above ex¬ 
perimental procedure in identical fashion but with only one change. In this 
part of the experiment, the plastic translucent disc was rotated at rela¬ 
tively low speeds, i.e., speeds that were low compared to the transit time 
of the light through the apparatus. Even so, the measured photon count at 
the higher attenuation settings was much lower than the previous photon 
count when the plastic disc was stationary. A plot was then made of photons 
per second on the horizontal axis (starting with the highest levels at the 
origin and decreasing levels shown to the right) vs. the normalized photon 
count. For the first test, this is a straight line at the normalized level 
1.0, parallel to the horizontal axis. For the second test, however, the 
plot starts at 1.0 at the high photon densities and decreases rapidly to 
levels that approach zero at the lowest photon levels. 

The interpretation of these results was the subject of some discussion. 
One suggestion was that some sort of nonlinear modification of coherence 
may be occurring at low photon flux. This interpretation was disputed and 
it is apparent that additional experimental work and theoretical interpret¬ 
ation is necessary. 
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TOWARD A CAUSAL INTERPRETATION OF THE RELATIVISTIC QUANTUM MECHANICS OF 
A SPINNING PARTICLE 


Nicola Cufaro Petroni 

Dipartimento di Fisica dell'Universita e 
Istituto Nazionale di Fisica Nucleare 
Bari (Italy) 


ABSTRACT 


As a first step in the direction of a causal interpretation, we analy¬ 
ze the features of the second order wave equation for spin 12/ fields. 

It is shown that this equation allows a coherent statistical interpreta¬ 
tion by means of a conserved density which is positive definite. On this 
basis we can also construct all the usual Hilbert space formalism of the 
relativistic quantum mechanics. The relations with the fields ruled by 
the first order Dirac equation are also discussed. Finally, the perspec¬ 
tives of the definition of a relativistic spin-dependent quantum potential, 
of the connection with stochastic processes and the extension to the case 
of two correlated particles are briefly discussed. 

In this note we will briefly sketch an outline of a research^, still 
in progress, that will bring us to a complete deterministic interpretation 
of the non local quantum interactions of the E.P.R. type for the Bohm- 
Aharonov 3 case of spinning correlated particles. We hope so also on the 
basis of the fact that an analogous previous work on spinless relativistic 
particles gives encouraging results^. 

Our interest in the second-order relativistic wave equation for spin 
1/2 particles is based on the following considerations: 

a) it is , in some sense, astonishing the fact that spin 1/2 particles 
should be described by means of a first order equation, whereas the 
integer spin fields are usually ruled by second order equations, 
which are the most natural quantum analog of the relativistic ener¬ 
gy-momentum relations; 

b) if we are looking for a causal interpretation of the relativistic 
quantum equations, a classical analogy is more easy found starting 
from second order wave equations. 


Here we want to sketch the main lines followed and the first results 
obtained in this research. By introducing the symbols 


D 

y 


— (ilii 8 
me y 



t = y D y 

y 
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( 1 ) 


the second order equation we are talking about takes the from 

(i - p 2 ) iKx) = o, 


ore the ore familiar one 

[(itf3 - - A ) (ili3 y - - A y )- — F a pV - in 2 c 2 ] t|i(x) = 0. 
y c y c 2c yv 

Along with it we will consider the two first order equations 

( 2 ) 

(3) 


(I - 0) iKx) = 0 
(I + 0) ib (x) = 0 


We will denote by means of F, £>_, D + the set of spinors solution respecti¬ 
vely of (1), (2), (3). Now we can easy prove the following propositions: 

1. the only spinor common to D and D_ is the identically zero spinor; 

2. D and D are vector subspaces of the vector space F ; 

3. there is a one-to-one correspondence between D and D_ realized by means 
of the matrix y,_; 

4. F is the direct sum D t and D . 

Among others, from the property 3. it follows that, while eq.(2) is the 
usual Dirac equation, eq. (3) is satisfied by ip + = yif ip _ is solu¬ 
tion of (2): it is the well-known correspondence between a positron wave 
function and an electron wave function moving backward in space-time with 
the sign of energy inverted. 

All the theory can be derived from the Lagrangian density 


L = 0 i{j 0ip - ijjijj 


(4) 


If we derive the usual current density from it 

J (x) = 1/2 (tfnp y i> + ipy ftyO (5) 

H H K 

we find that its zero component 

J (x) = Re (i^ + 0^) (6) 

is not positive definite. That is not an unexpected result: as everybody 
knows it is a feature common to all the second order wave equations like 
the Klein-Gordon equation. As a consequence, J (x) can not be interpreted 
as a probability density and a coherent statis?ical interpretation of the 
formalism is forbidden on this basis. Moreover in a quantum theory we can 
always pose the following questions: Are the subspacesZlfand£Lmutually orthogo 
nal? Are the elements of F normalizable wave functions? How can we ap¬ 
proximate the solution of a physical problem in FI To what extent we can 
reproduce in F the outcomes of the Dirac theory like, for example, the 
hydrogen atom spectrum? All these questions and others, along with that 
about the statistical interpretation, can find an answer only if we suc¬ 
ceed in building a Hilbert space structure on F, based on a positive defi¬ 
nite norm. Of course, non positive norms are conceivables, but how can We 
mantain the most usual results and what about their physical meaning? 

The fundamental achievement of Dirac can be read, from this standpoint, 
as a restriction to the_subspace D_ as the set (j>f the physically acceptable 

states, where J (x) = ifjy ifj and hence J (x) = i{j iJj > 0. 

y y o 

Despite the impressive importance of this Dirac position, we want to 
stress here two remarks: 
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A) the Dirac restriction is too much severe: it eliminates, as unphysical a 
lot of states with positive density; 

B) the Dirac restriction is unnecessary: a solution of all problems can be 
found in the whole space F . 


In order to prove A) Let us take the free case (A = 0), namely 


2 2 

( □ + E-f-) <p(x) 

r 


u 


0 


(7) 


whose plane wave solutions are 

>p (x) = N e ipx/ * u 
P 


P P 

r y 


y 


2 2 


= m c ; E = ± me 


/ 


->■ 


( 8 ) 




+ (-M 

me 


where u is an arbitrary four-spinor, constant in the space-time. For the 
free Dirac solutions there is a further restriction on u: 


0> ± me) u = 0 


(9) 


with the sign dependent on the energy sign. We can now find plane waves 
(8), solutions of (7), with positive conserved density, without obeying the 
condition (9). In fact, if we label the u with a parameter e=± 1, so that 


u 


H £ (aH 

H (a)n 

-e 


a -a 

H £ (a) = - e - 2 . £ - e , a e[0,°°] 

with ^,n • two spinors such that C\- 
Now the current (5) becomes 


+ 

n n 


1, we will have u u =e =± 1 

e e 


\ = Re(* Yy 


ill 

me 


H) 


£N 


0 p 
2 _E 

me 


and hence 
J = 


N' 


me 2 


£ E. 


Consequently the most general positivity conditions is £ = sgn(E) and the 
spinors 

* (X) = Ne ipx/ * u 
p £ = sgn(E) 

always lead to positive J . 

Hence, a solution at rest will be 


ip(x) 


• N e -imc 2 t/K 

cosha £ 


sinha r\ 

2 

. T ime t/K 

N e 

sinha ^ 

S. 

cosha n 


; E = me' 


; E = - me' 


In other words, only a= 0 is possible, under the Dirac condition (9), that, 
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hence, must be considered too much restrictive. 

To prove the statement B) it is enough to show, by direct calcula¬ 
tions, that besides the current (5), the vector 


j (x) = 1/2 O Y Ip+ piji) 

r 1 r 1 r* 

is another conserved current density, whose zero component 


( 10 ) 


j (x) = 1/20% + (Jty) + t ip ] > 0 


(ID 


is always positive. We did not find it at first because it is not derived 
from our initial Lagrangian density. Anyway, j^(x) allows one to define a 
coherent scalar product, and all the machinery of the Hilbert space connec 
ted to it, and, of course, a statistical interpretation. 


word 


More light can be cast on this breakthrough by considering what the 
means here. If we look for the state of a system at a given 


state 

time x , we can not consider it as completely determined by the knowledge 


of 4> 


xq 


because we are dealing with a second order equation, and hence 
is not enough to determine ip(x) in all the space-time. In fact, we 


x?’ 


need here two initial conditions:^ 


„o 


and 




or, in a covariant form 


x v 






x 


o 


= M r > 




X 


<t> 2 (?) » 


where are two arbitrary four-spinors, which, along with eq.(l), 

completely determine the spinor field ip(x) in all the space^time. Hence 
the vector space of the states at a given time x is the space of the 
eight-component double^spinors 

= 1//2 


'V 


O 




X 


* 2 ( ?) 


and the complete spacer-time dependence of such a double spinor is 

flp(x) ' 

(x) ' 


T(x) = I/1/2" 


( 12 ) 


where ip(x) is are element of F . if now H is the vector space of these 
¥ (x), we can show that it coincides with the space of the doble spinors 
solutions of 


where 


(C D y - C) nx) = 0 



r 

0 

22L 

n _ 

^ - 

0 I 


L° v 

j O - 

I 0 


(13) 


and that it is a Hilbert space whose scalar product is defined b}^ means 
the positive density j (x): 




1/2 


3-> - 

d r (q y d + flip y 0(5) 
o o 


of 


In other words (13) is perfectly equivalent to (1) and F is in a one to 
one correspondence with H . It is in H that we can build the operator al 
gebra of the observables. As a consequence, in this framework, it can be 
shown that the energy spectrum of a quantum system obtained from (13) 

[or equivalently from (1)] is always the same as that derived from the 
Dirac equation (2); only the number of states for each eigenvalue is dou¬ 
bled, because now we must take solutions in D and D 
9 - + 
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As a conclusion we will sketch the further steps required for a deter¬ 
ministic interpretation of eq, (1). First of all let us point^out that in 
the non relativistic, spinless case, the position $ = R e directly 

leads to a splitting of the Schrodinger equation into a continuity and a 
dynamical equation. The latter can be interpreted either as a generalized 
Hamilton-Jacobi equation or as a velocity potential equation for a Made- 
lung fluid. For spinning particles only the second interpretation can be 
retained: in fact, for a classical spinning body, the Hamilton function S 
should depend on space-time coordinates and Euler angles. But a spinor 

shows no dependence on angular variables at all. On the other hand, 
in fluidodynamics, a spinning fluid can be described by means of a num¬ 
ber of fields, all of them functions of the space-time only, that can be 
accomodated into the spinor components. In this case a velocity field 
V (x) will be described by means of a velocity potential s(x) plus a cou¬ 
ple of Clebsch parameters x( x ) > oj(x), in the following way 


v. (x) = 3 s(x)+ oj(x) 3 x( x ) • (14) 

MM M 

Hence the forthcoming step will be the decomposition of the four-spinors 
4>(x) in terms of velocity potentials and Clebsch parameters, all connec¬ 
ted with complex Euler angles. In fact, the complexification of these para¬ 
meters rests on the basis of the well-known isomorfism between the group 
of the Lorentz transformation and that of the rotations in a there dimen¬ 
sional complex Euclidean space. In the representation where 


r* 0 I-i rO 0. -i 

Y o =C I 0 ] ’ Y k = C a. 0 k] 

k 


Y = E 1 0 ] 
'5 0 -I 


a tentative, but not yet final, decomposition is 
<Kx) = R(x) e ls(x)/l4 <f>(x) 


where R is the 4x4 matrix 


R(x) = p(x) + iq(x) y, 


S is a real velocity potential and 

iw 


<f> (x) = 1/^2 


cosu e 
. . -iw 

isinu e . 

. iw* 
cosu* e . 

. . iw* 

isinu* e 


is a spinor satisfying the relations 


= 1 , 


4>y 5 4> = o. 


That leads to forms like (14) for the velocity field. The final step is, 
of course, the derivation, from (1), of the equations for all the parame¬ 
ters involved, that would lead to the definition of a relativistic, spin- 
dependent quantum potential. 

Furthermore, the generalization to the case of two particles of the eq. (1), 
would enable one to decide if the resulting non local quantum potential can 
satisfy the compatibility conditions of the relativistic predictive mecha¬ 
nics^. If it will be so, we could realistically hope to build up a cohe¬ 
rent, deterministic, relativistic, non local theory of the quantum pheno¬ 
mena. Finally we will remark that it seems likely that our starting point 
of a second order wave equation will allow a coherent connection with sub¬ 
quantum stochastic processes, as previous works have already shown 
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NONLINEAR BEHAVIOUR OF LIGHT AT VERY LOW INTENSITIES: THE "PHOTON 
CLUMP" MODEL* 


E. Panarella 
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Ottawa, Canada K1A 0R6 


ABSTRACT 

This is essentially a review paper that deals initially with the 
analysis of the wave-particle duality notion for photons, as accepted 
today, namely as that of a particle and/or an associated wave. This 
model will be shown to be lacking at present adequate, direct and 
conclusive experimental proof, which is so crucial for the very existence 
of that model, despite the numerous experiments that have been done in 
the past and some novel experiments that are presented here. Starting 
from this situation of deficiency, a model of interacting photons is 
introduced from plausible arguments and an interaction law is derived. 

It will be shown that the main consequence of this model is that the 
single photon concept, as understood today, has to be abandoned in favour 
of a model of collection of photons, a "clump", in which the individual 
photons are arranged in a geometrical wave pattern, much like a wave 
distribution. In this sense, therefore, the photon clump is both a 
particle and a wave and the model thus reconciles two concepts which are 
normally a source of some debate, namely the Dirac*s notion that a photon 
interferes only with itself, and the pilot wave concept of the Broglie. 

In fact, as far as the interference of a single photon with itself is 
concerned, such statement can now be reinterpreted as meaning that a 
photon clump contains all the elements of interference in itself, namely 
maxima and minima, because in the clump there are maxima and minima of 
photon number density distribution. As far as the pilot wave of de 
Broglie is concerned, its reality and its real meaning are readily 
retrieved from this model. It is, in fact, the interaction among photons 
responsible for guiding them on a wave distribution within a clump. 

Rather than being separate entities, the particles and their wave 
geometrical distribution are coexisting and inseparable properties of 
what should now be said an element or an "atom" of light. 


*Brief accounts of parts of this work have appeared in the literature and 
are abstracted here: Ann. Fond. Louis de Broglie, _6, 197 (1981); ibid, 
10 , 1 (1985); Bull. Amer. Phys. Soc. Z3_, 858 (1978), ibid, _26_, 279 
(1981); Spec. Sc. Tech. ^ 501 (1982); ibid 509 (1982); ibid 6, 383 
(1983); ibid 8, 35 (1985). 
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I. INTRODUCTION 


The aim of this review article is to shed new light on the 
wave-particle duality. We shall do so by presenting new experimental and 
theoretical results on this subject, rather than discussing past 
achievements, because we believe that all arguments, both in favour and 
against the wave-particle duality, have been already and abundantly 
expressed in the literature and a generally accepted opinion has been 
formed which considers the wave aspect of particles as real as the 
particles themselves. 

We shall analyze the wave-particle duality by examining first its 
idealized content. Then, we shall contrast its ideal formulation with 
the requirement of experimental verification. We shall then provide 
proof that such experimental verification is difficult, if not 
impossible, to obtain. We shall report the results from three new 
experiments of diffraction of statistically independent laser photons at 
different light intensities which invariably do not provide the 
experimental confirmation of the wave-particle duality for single 
photons. Moreover, through an historical analysis of all the experiments 
done in the past (Sec. II.4.1), which seemed to provide a confirmation of 
the wave-particle hypothesis, we shall prove that such confirmation was 
never really obtained. 

Our experimental results will be initially interpreted by assuming 
that the wave-particle hypothesis is correct and finding reasons for the 
departure of the results from the expected ones. In fact, in the case of 
the first experiment, in which we used the photographic technique to 
reveal the photons, we shall borrow from the accepted photographic theory 
all the tools for justifying the results. However, in the case of our 
second and third experiment, in which the photons were revealed with the 
photoelectric technique, we shall not do so because, by assuming again 
that the wave-particle hypothesis is correct and justifying the deviation 
from the expected results with some further assumption, it is realized 
that a proof of the correctness of the original assumption cannot be 
achieved in this way. 

The lack of a direct experimental demonstration of the wave-particle 
duality for single photons leads us to consider the hypothesis that 
perhaps isolated photons do not exist. We shall then put forward a model 
of light in which a photon is invariably accompanied by other photons, 
all clumped together. If the individual photons in a clump are arranged 
on a distribution with maxima and minima of number density (i.e., a wave 
distribution), one is able to retrieve from this model not only an 
explanation for our experimental results, but also for those of 

i 2 3 

Hanbury-Brown and Twiss , of Pfleegor and Mandel , of Clauser , and of 

Grangier, Roger and Aspect^. Moreover, in the light of this model, 

Dirac's dictum that a photon interferes only with itself^ must be 
reinterpreted as meaning that a clump or cluster of photons has already 
imprinted in it all the characteristics of interference or diffraction. 
Consequently, an interferometer must be viewed now as an instrument that 
does not do anything to the photons to let them interfere (because they 
have already interfered and positioned themselves on a wave geometrical 
arrangement with maxima and minima of distribution, even before entering 
the interferometer) but, by changing slightly the direction of motion of 
two outgoing clumps or conglomerates of photons originating from a single 
clump, makes them change the initial geometrical arrangement into an 
arrangement which can be clearly seen as a wave pattern. In short, an 
interferometer acts as an amplifier of the fringe separation or as a 
microscope to see more easily the interference or diffraction pattern 
already existing in the clumps of photons. 
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As to the existence and origin of such clumps of photons, this 

matter has been already dealt with classically to some extent by Dicke , 
who pointed out that individual atoms in a source of thermal light cannot 
emit photons independently of each other, because they are constantly 
interacting with a common radiation field. Therefore, incoherent photons 
are not emitted as random isolated particles, but have certain 

characteristic bunching properties^. 

Q 

We will take up this matter, however, from a novel point of view , 
namely from an analysis of the Heisenberg Uncertainty Principle for 
photons. It will be shown that an interaction law for photons can be 
derived from this analysis which leads naturally to the bunching or 
clumping effect. 

The Heisenberg Uncertainty Principle is a fundamental building block 
in modern physics. Since it plays a basic role in our derivation of the 
interaction law for photons we would like to stress what in essence the 
principle is, namely a statement of the unavoidable interaction between 
measuring apparatus and measured system, which limits the precision with 
which certain pairs of physical variables can be simultaneously measured. 
Although the interaction is essential for the observation and 
measurement, its central role in the Heisenberg principle has not been 
emphasized because the principle can be incorporated "in toto", i.e. 
without explicit relevance to the underlying cause of it, in the 
definition of a particle as a wave-packet. We shall prove that this 
definition is tantamount to a postulation of the Heisenberg principle. 
Although such postulation is theoretically legitimate, when the role of 
the interaction is re-examined, a derivation (rather than a postulation) 
of the principle is obtained. 

The interaction between system and apparatus, which makes the 
measurement possible, is not an instantaneous process. As we shall 
prove, the interaction takes place continuously, thus continuously 
affecting the system, be it an atom, an electron, a neutron or a photon, 
and such influence goes on irrespective of whether some knowledge of the 
system is required or not. If a photon, for instance, is brought close 
to an electron for the purpose of observation, the two particles do not 
experience a collision type of interaction, but rather they influence one 
another continuously, and such continuous interaction takes place anyway, 
whether or not the observation or measurement of some parameters 
regarding the electron (position, for instance) is required at all. 

The present study will therefore attempt to determine the role of 
this interaction and to establish the interaction law. One finds that 
such "Heisenberg interaction" is different from, and in addition to, any 
other known particle-particle interaction. As to the law of interaction, 
it is obtained from an analysis of the experiments upon which the 
derivation of the Heisenberg principle is based. It will be shown that, 
as a first approximation, the law can be expressed as 

p(r) = h/r 

where r is the separation between the interacting particles (i.e., the 
target or observed particle and the observing particle) and p(r) is the 
amount of momentum transferred from one particle to the other along the 
r-direction (h = constant). It is then shown that, when this law is 
applied to a collection of photons, for instance, it leads to the general 
form of Kirchhoff's equation (Sec. IV.5), of fundamental importance in 
optics for understanding diffraction phenomena of light, or to Helmholtz* 
formula, in case of monochromatic photons (Sec. IV.9). Subsequent 
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WAVE PATTERN 




DETECTOR 

Fig. 1 The experimental arrangement required to demonstrate 
the wave nature of photons consists of a source of 
light, an interferometer and a detector. The 
interferometer selects and displays the wave aspect of 
the photons. The detector reveals such wave aspect as 
an interference pattern. 


discussion shows that from this result one may infer that photons, as 
particles, arrange themselves on a diffraction pattern, with maxima and 
minima, not because they are guided by waves, but because they are 
constantly under the influence of such mutual "Heisenberg interaction". 

In summary, the purpose of this review paper is two-fold: on the 
one hand it will re-examine the accepted wave-particle duality concept, 
including its historical rising, within the context of the numerous 
experiments that have been done in the past and some novel experiments 
which are reported here, all aimed at proving the validity of such 
concept. Then, starting from the conclusion that such concept is not 
warranted, we shall provide a new physical interpretation of Heisenberg ? s 
uncertainty principle which will lead us to an interaction law for 
photons, which in turn will lead us to the wave properties of light being 
derived without need to resort to the wave-particle duality of photons. 


II. EXPERIMENTAL 


II.1. Wave-Particle Duality. General Considerations 

II.1.1. Ideal situation . The ideal situation that the 
wave-particle concept implicitly conveys is illustrated in Fig. 1. 
Confining our discussion, without loss of generality, to the case of 
photons, consider a source of light that continuously emits photons. 

These photons then cross an instrument, an "interferometer", that is 
capable of selecting and displaying the wave aspect of the photons. 
Finally, a detector reveals such wave aspect as an interference pattern. 

More in detail, in the ideal situation that we are considering, each 
individual photon, when crossing the interferometer, seems to experience 
a sudden change of state, from a characteristic individual entity or 
unity to a diffuse and wide configuration resembling a wave pattern. Out 
of the interferometer, a means is provided for revealing such a pattern 
by a detector capable of revealing parts of a photon. Therefore, if we 
define as "signal" the recording of each part of a photon and by "signal 
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amplitude" the total number of signals revealed by the detector, a strict 
proportionality of signal amplitude with number of photons emitted by the 
light source exists. In other words, the signal amplitude grows linearly 
with light intensity. 

11.1.2. Departure from the ideal situation . A departure from the 
ideal situation is realized when one considers that a detector cannot 
reveal parts of a photon, but that it needs a whole photon in order to 
generate a signal. The ideal situation, however, can be modified to take 
this fact into account. What is needed is to consider the interferometer 
as an ideal device capable of rearranging the direction of motion of each 
individual photon according to a prescribed probability law so that more 
photons will travel along particular directions than in other directions. 
With this modification, each photon conserves its entity, only its 
direction of motion is modified. 

If the source of light emits now N photons, these are all carefully 
recorded by the detector, which essentially acts as a counter. Again, in 
this case too, the detector will provide a signal of amplitude growing 
linearly with the light intensity. 

11.1.3. Real situation. It is unfortunate that the wave-particle 
duality hypothesis does not go beyond the foregoing considerations. It 
believes that any detector (including the photographic and the 
photoelectric detectors) is linear in the sense of providing a signal for 
each photon arriving on it or that a one to one relation exists between 
signal amplitude and light intensity. 

We would like to examine here if problems arise when a real 
detector, such as a photographic or photoelectric detector, is used. As 
we shall soon prove, these detectors in practice need more than one 
photon to yield a signal and the wave-particle duality hypothesis for 
single photons cannot receive experimental demonstration with these 
detectors. 

II.2. The Case of a Detector Requiring More than One Photon to Yield a 
Signal 

This is certainly the case of a photographic detector and normally 
the case of a photoelectric detector. 

Let us deal first with the photographic detector. Modern 

9—11 

photographic theory clearly points out that a photographic grain 

cannot become developable unless it absorbs at least 3 or 4 photons 
within the finite memory time of the grain. Hence, single photons cannot 
be recorded by a photographic detector. Only packets or clumps of 3 or 4 
photons at least are recorded. The consequence is that, if an 
interference pattern appears on a photographic detector, it cannot be 
ascribed to individual photons. Rather, it has to be ascribed to packets 
of photons. We will show in Sec. II. 3.1.1 that a strong nonlinearity 
exists of photographic grain activation with light intensity or photon 
flux. In other words, the build-up of an interference or diffraction 
pattern on h photographic plate does not proceed linearly with the number 
of photons reaching the plate. Consequently, one of the fundamental 
assumptions upon which the wave-particle concept rests, namely linearity 
of signal amplitude with light intensity, cannot receive experimental 
confirmation with the photographic technique and the wave nature of a 
single photon cannot thus be demonstrated. 

In the case of the photoelectric detection, we are facing more or 
less the same problem. This is because a photosensitive surface with 100 
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PINHOLES 


CAMERA 



Fig. 2 Experimental apparatus used to reveal the effect of the 
degree of statistical independence on the photon 
distribution on a photographic film. Without the 
neutral density filter along the light path, a clear 
diffraction pattern can be recorded on the film. With 
the neutral filter inserted, the diffraction pattern 
does not appear as clearly as before, even when the 
total number of photons inpinging on the film is more 
than two orders of magnitude larger than before. 


percent quantum efficiency just does not exist. This means that, if 100 
photons impinge on a photoemissive surface, less than 100 electrons are 

emitted. A typical quantum efficiency is of the order of 10 ° 
electrons per incident photon*. A typical photodiode, such as RCA 926, 
has a radiant sensitivity (at 4200 A) of 1.9 x 10” 3 amp. watt" 1 , which 
means that 5.62 x 10” 3 electrons are released per incident photon, or 

13 

that 177 photons are required before an electron is released . So, if 
177 photons cross the interferometer of Fig. 1 before being capable of 
liberating an electron in a photodetector, how do we know that 
interference is produced by one photon or by two, three photons, etc. 
clumped together? We would be able to affirm for sure that a single 
photon carries its own wave-packet only if the photodetector, in this 
case, would yield a signal proportional to the light intensity, as 
explained in Sec. II.1.2. Unfortunately, as we shall soon prove in the 
following sections where the experiments are reported, photons crossing 
the interferometer in apparent isolation do not provide signals 
proportional to the light intensity and therefore we cannot affirm for 
sure that a single photon has wave property. 

II.3. Experiments of Diffraction of Statistically Independent Laser 
Photons 


II.3.1. Photographic detection of the diffraction pattern . 

Consider the experimental apparatus of Fig. 2 which has been used to 
produce statistically independent photons. A 5 mW cw TEM Q0 mode 

Spectra-Physics Mod. 135 He-Ne laser was the source of light. The laser 
emitted a Gaussian beam of radius a = 0.35 mm at 1/e 2 points. The peak 
light intensity in the central part of the beam was: 

2p 

I = —2 = 2.59 W.cm -2 (P = 5 x 10"" 3 W) 

P 0 ° 

Tfa 


*Although we use here typical values for the purpose of exemplifica¬ 
tion, the conclusions reached do not change if one uses higher values of 
quantum efficiences. 




The light intensity profile was smoothed out by means of a pinhole of 
diameter d = 5.08 x 10“ 8 cm positioned at the center of the beam, at 
the point of maximum light intensity. The resultant emerging bright 
central disc of the Airy pattern was collimated by means of a simple 
double-convex lens located at a distance from the pinhole equal to the 
lens focal length f = 30 cm. The intensity of light at the center of the 
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Airy pattern resulted in : 


AP 


o 


X 2 f 2 


i- = 2.95 x 1CT 4 W.cm -2 


where A = .li- is the pinhole area and P, 

4 1 



A second pinhole of 


diameter d = 5.08 x 10" 8 cm drilled in aluminum foil 1.27 x 10" 8 cm thick 
was positioned at the center of the Airy disc. Since the light intensity 
across this pinhole was essentially constant, the photon flux entering 
the pinhole was 1.90 x 10 18 photons.sec”*’ • 


The diffracted light out of this second pinhole was then 
recollimated by means of a simple double-convex lens located at a 
distance from the pinhole equal to the lens focal length f = 20 cm and 
the diffraction pattern was recorded by means of a camera equipped with 
Polaroid type 47 high speed film. The resulting intensity of light at 
the center of the second Airy disc was 7.57 x 10“ 8 W.cm" 2 . The 
reasonable assumption was then made that such intensity was constant over 
a small circular area of radius equal to the diameter of the pinhole. 
Hence, the photon flux resulted in being 1.95 x 10 7 photons.sec" 1 . 

The objective of the experiment was the following. Irrespective of 
the photon flux reaching a detector, the'diffraction pattern is 
considered to be the result of the superposition of the patterns created 
by each individual photon, which diffracts only with itself. On the 
other hand, if one photon were sufficient to activate a photographic 
grain, an identical number of photons reaching the film should provide 
identical diffraction patterns. Fig. 3 shows the experimental results. 
Figure 3a was obtained with the apparatus just described. The photograph 
was exposed for 20 sec and 3.91 x 10 8 photons produced the clearly 
defined diffraction pattern shown in the figure. We then reduced the 
intensity of light by inserting a calibrated neutral density filter (type 
NG4~homogeneous filter-transmission 0.22% at X = 6328 A) along the light 
path (see Fig. 2). The intensity of light crossing the second pinhole 
was reduced in this way by a factor of 454 and only 4.29 x lO* 4 photons 
reached the film per second. In order to have the same diffraction 
pattern as in Fig. 3a, it was calculated that an exposure time of 2h32m 
was required. The first experiment performed with such exposure time 
failed to provide the expected result in that the film did not record any 
light at all. Only when the exposure was increased to 17h36m, or when 
2.72 x 10 8 photons reached the plate (i.e. a number of photons almost an 
order of magnitude larger than before) were we able to obtain a 
meaningful photograph (Fig. 3b). Finally, when the exposure time was 
pushed up to over 2 weeks (more exactly, 336h20m, or 5.19 x 10 10 photons 
on the plate) the resultant photograph was better defined, although the 
expected diffraction pattern did not appear, as Fig. 3c shows. 

These experimental results bring therefore new evidence that a 
diffraction pattern on a photographic plate is not preserved when the 
intensity of light is extremely low, even when the total number of 
photons reaching the film is larger than that which is capable of 
producing a clear diffraction pattern. In other words, a diffraction 
pattern does not build up linearly with light intensity, as the wave- 
particle duality requires. In the next section, we will start from the 
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a 


b 


c 


Fig. 3 a) Regular diffraction pattern obtained with a total of 
3.91 x 10® statistically independent photons reaching 
the photographic film (20 sec exposure time); b) 

Picture obtained when a total of 2*72 x 10 9 photons 
reach the photographic film (17h36m exposure time); c) 
Picture obtained when a total of 5.19 x 10^® photons 
reach the photographic film (336h20m exposure time). 

The (b) and (c) pictures show that the diffraction 
pattern is missing, although the number of photons 
inpinging on the film is ~1 order of magnitude, or even 
2 orders of magnitude, respectively, larger than that 
which was capable of producing a clear diffraction 
pattern in (a). 


assumption that the wave-particle duality hypothesis is correct and 
explain the experimental results with the assumption that the 
photographic detector acts as a coincidence counter of the laser light. 

II.3.1.1 Explanation of the photographic results. The foregoing 
experimental results can be explained if one refers to the theory of 

15 

photographic grain developability, as put forward by Rosenblum and 

experimentally verified by Polovtseva et al. ^. The theory is centered 
around a model of photographic detector as a coincidence counter, so that 
when 4 or more photons arrive near the grain within a time x, the grain 

15 

is rendered developable. Rosenblum identifies such interval x as the 
coherence time of the light, rather than a characteristic time of the 
emulsion material. The reason is, we believe, that, if the latter were 
the correct parameter, no difference should exist in the response of 
photographic films irradiated with lights of equal intensity and duration 

but different coherent times. This is not so, as Polovtseva et al. ! ^ 
have shown. For our purposes, however, we need not commit ourselves to a 
particular interpretation, but simply try to verify if Rosenblum*s 
definition leads to an explanation of the experimental results. 

Let a flux of A laser photons per unit time arrive at a photographic 

plate. If the laser photon statistics are treated as Poisson‘S, the 
probability that a given grain receives at least four photons during time 
x is: 
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(1) 


00 3 

= £ P(n,n) = 1 - £ P(n,n) 

n=4 n=0 

The Poisson distribution is: 


P(n,n) = 2 ^ e -n (2) 

n! 

where n = Xx and n are the average number and the actual number of 
photons reaching the grain in time x, respectively. 


The probability of 4 or more photons arriving at a grain during time 
x is given by (1). In total exposure time T there are T/x such time 
intervals. If we make the simplifying assumption that all photons 
contained in each interval x travel in a specific direction towards a new 
grain on the photographic plate*, the expected number of grain 
activations during the entire exposure T is: 


E = 


T ^ 

7 P4 


_ T 


[l - £ P(n,n] 


n=0 


[i 

Mi 


1 

x 

T 

x 


e n (l + n + -i n 2 + -i n 3 ) ] 

2 6 

e~ XT [l + Xx + I (Xx) 2 + I (Xx) 3 ]} 

2 6 


(3) 


A useful approximation of (3), in case Xx « 1, is obtained as follows: 


oo 


00 


E 


- T _ _ T v t>(^ T ^ Xx ^ 


— Pa = — E P(n,n) = — e 

• n- »r 


(XT) n „ T (XT) 


n=4 


n=4 


n! 


x 4! 


(i + 2i) 

5 


(4) 


The short terra coherence time x of the commercial He-t^Ie laser used in the 
experiment is the inverse of its linewidth, which is of the order of 1 
MHz. Hence x - 10” 6 sec. Inserting now in (3) the following figures: 

T = 20 sec; X = 1.95 x 10 7 sec" 1 


one finds that the number of grain activations is: 
E = 1.99 x 10 7 


Assuming that this number is sufficient to reveal a clear diffraction 
pattern on a photographic plate, as Fig. 3a shows, we are interested in 
knowing what would be the E-value when the light flux is reduced by a 
factor of ~500 and becomes X = 4.29 x 10^ sec” 1 . Since Xx =4.29 x 10“ 2 
« 1, we insert this figure in Eq. (4) and get: 

E = 2.84 

In other words, if the light flux is reduced ~500-fold, this model 
predicts very few grain activations during the same exposure time T. To 
rebuild the pattern to the same level as before, one would require not 
500-fold but 7.02 x 10 6 -fold exposure increase. In fact, if one deduces 
T from Eq. (4): 


*This simplifying assumption is removed in the joint paper with T.E. 
Phipps, Jr. (Spec. Sc. Tech. _5, 509, 1982) where three models of grain 
activation are considered. 
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T 


24Et 


(5) 


(Xt ) 4 (i + Al) 

5 

and inserts the following figures: 

E = 1.99 x 10 7 ; t = 10 -6 sec; X = 4.29 x 10^ sec~* 
one gets: 

T = 1.40 x 10® sec = 3.89 x 10 1 * hrs = 54.01 months 

This proves that there is a strong nonlinearity of statistical 
expectation of grain activation with light intensity, thus explaining why 
the same diffraction pattern as in Fig. 3a did not appear in Fig. 3c, 
which was irradiated for only 336h20m. 

In conclusion, both the experiment and the theory point out that 
packets of at least four photons are required for diffraction effects to 
be revealed by a photographic plate. Single photons are not recorded and 
their dual nature cannot be demonstrated with the photographic 
technique. 


II.3.2 Photoelectric detection of the diffraction pattern. There 
is apparently a way, however, of proving that a single photon has wave 
nature. What is required is to repeat the experiment previously 
described, using this time a detector capable of recording single 
photons, such as a photoemissive surface, and observe if identical 
diffraction patterns appear in situations of different light intensities. 
If the phenomenon is linear with light intensity, the wave-particle 
hypothesis is proven; if not, the duality concept remains an unproven 
hypothesis. Clearly, since we are dealing with a particle phenomenon, we 
would like to have a criterion to decide whether or not we have, with 
high probability, only one photon within the interferometer, or several. 
We shall assume, in fact, that diffraction or interference effects can 
take place with any number of photons, including one, and in the next 
section we shall provide the details of the analysis used to derive such 
criterion. 


II.3.2.1 Probability analysis . Our main concern is to calculate 
the probability of interference effects to occur with two or more photons 
and then to compare this probability with that of occurrence of the same 
phenomenon with one photon at a time within an interferometer. 

Consider a flux of X photons per unit time crossing an 

interferometer. If n = At is the average number of photons present 
within the interferometer during time t, defined as that time interval 
during which the presence of at least R photons is both necessary and 
sufficient for interference effects to take place (we take as t the time 
of flight of the photons within the interferometer), and if the photon 
statistics are treated as Poisson, then the probability that the 
interferometer be occupied by at least R photons during time t is: 

0° R_ 1 

Pr = £ P(n,n) = 1 - £ P(n,n) (6) 

n=R n=0 


where P(n,n) is the Poisson distribution given by: 

P(n,n) = — e “ n 
n! 


( 7 ) 
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Interference effects appear as particular geometrical distributions of 
photon detection events. Let us treat these collections of events as 
Poisson (i.e. independent of photon statistics). Since interference can 
take place only when certain conditions are satisfied, namely R photons 
to be present within the interferometer during time t, the probability of 

interference during total time T>>t is then P(T) = 1 - e where N is 
the expected number of times the event in question occurs during time 

T^. Consider the event of the presence of a photon at the entrance of 
the interferometer at ah arbitrary instant t in the interval (0,T). The 
chance that during the interval (t, t + t) at least R-l additional 
photons appear within the interferometer is p£_^. Together with the 

first, these constitute R photons during interval t, so interference can 
take place. In time T, the expected number of photons arriving at the 
entrance of the interferometer, each capable of thus initiating the 
interference process, is AT. Hence 

N = ATp x for R = 2 

~ ATp-, 

P(T) = 1 - e 1 (8) 

which is the probability of interference during T, assuming that at least 
2 photons are required, p^ is given by Eq. (6): 

P]_ ® 1 - e“* T (9) 


Hence 


P(T) = 1 - e -XT(1 ~ e > (10) 

If interference is initiated by one photon alone, the analysis proceeds 
as before. We consider the event of the presence of a photon at the 
entrance of the interferometer at an arbitrary instant t in the interval 
(0,T). The chance that during the interval (t, t + t) no other photon 

■“At 

enters the interferometer is 1 - p^ = e • In time T, the expected 

number of photons arriving at the entrance of the interferometer, each 
capable alone of thus initiating the interference process, is AT. Hence 

N = XT (1 - p-^ = ATe -XT 

P(T) = 1 - e _XTe XT (11) 

We are now in a position to compare the two probabilities given by 
Eqs. (10) and (11). For the probability of interference with one photon 
alone within the interferometer to be greater than the probability of 
interference with two or more photons, the following inequality must be 
satisfied: 

XTe~ Xt > AT(1 - e~ XT ) 
which reduces to 
2e~ XT > 1 
&n 2 > At 


or 


At <0.69 


( 12 ) 




INTERFEROMETER 


Fig. 4 Two-pinhole interferometry with a Young apparatus. The 
interferometer length Z is the distance from the light 
source S to the area, past the pinhole, where the 
fringes appear. 


Inequality (12) tells us that, if the flux X times the transit time 
within the.interferometer is less than 0.69, the probability of 
interference with one photon exceeds the probability that interference 
was caused by two or more photons. 

In our case X is known., In order to apply Ineq. (12) to our 
experimental results, we need to know the transit time t through the 
interferometer. In other words, we need to know what is in our case the 
interferometer and how much its length is. Consider first Fig. 4 which 
shows a Young apparatus for interferometry with two pinholes. Light 
coming from a source S goes through two separate pinholes and 
S 2 , beyond which interference fringes appear in the area where the two 
emerging beams overlap. On the other hand, by definition, an 
interferometer is any suitable apparatus that divides a beam into two 
beams, which are then superposed. Therefore, for a Young apparatus the 
length Z of the interferometer is the distance from the source of light S 
to the area, past the pinholes, where the fringes appear. Our apparatus, 
as Fig. 2 shows, is essentially a Young interferometer: the first 
pinhole acts as a light source, and the second pinhole can be considered 
as two overlapping pinholes in a Young interferometer. Since the fringes 
are formed immediately after pinhole No. 2, the length of our 
interferometer is the distance between pinhole No. 1 and No. 2, i.e. 

Z = 42 cm. The transit time across the interferometer is therefore: 

T = L = - j . 2 . - C - S -- = 1.4 X 10 -9 sec 

3 x 10 10 cm.sec 1 

We thus know both X and t and these figures will be used in the next 
section, when we shall analyze the experimental results. 

II.3.2.2 Photoelectric detection and oscilloscope recording of the 
diffraction pattern . The experimental apparatus used for the 
photoelectric detection of the photons is essentially the one previously 
described. Only the camera has been replaced by a high gain 
photomultiplier mounted on a motor-driven translation unit (Fig. 5). For 
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Fig. 5 Experimental apparatus used to reveal the effect of the 
degree of statistical independence on the photon dis¬ 
tribution on a diffraction pattern. With a photon flux 
X = 1.90 x 10 10 photons/sec within the interferometer 
(i.e. between pinholes 1 and 2) , a clear diffraction 
pattern is recorded on the oscilloscope. When a neu¬ 
tral density filter of transmission T = 2.09% is 
inserted in the light path, so that the light flux is 
reduced by a factor of 48 to X = 4 x 10 8 photons/sec, 
the same clear diffraction pattern as before does not 
appear, despite an overall increase of amplification of 
the detection system by a factor of 441. 


good fringe resolution, the photomultiplier is provided with a small 
orifice of 5.08 x 10“ 2 cm diameter drilled on its front cover. The 
fringe pattern is then vertically scanned and recorded on an 
oscilloscope. 


More in detail, the detection system consisted of a fourteen-stage, 
flat-faceplate RCA photomultiplier type 7265 having a multialkali 
photodiode ([Cs]Na 2 KSb) with S-20 response. The photomultiplier current 
amplification was 2 x 10 7 . The tube was normally operated at 2000 V, 
that is below the maximum permissible voltage of 2400 V, in order to 
reduce the dark current from thermionic emission and to increase the 

signal-to-noise ratio . However, when maximum amplification was 
required, the tube was operated at 2400 V. In order to further reduce 
the dark current, the photomultiplier was cooled with a blanket of dry 
ice to -15°C. Light uniformity over the photocathode area was achieved 
by inserting a diffuser within the photomultiplier case, right behind the 
entrance orifice. Finally, the signal from the photomultiplier was sent 
to a Tektronik type 555 oscilloscope where it was recorded by means of a 
type D high-gain preamplifier unit. 


Fig. 6 reports the experimental results. As in the case when the 
diffraction pattern was recorded with photographic film, Fig. 6a (left) 
shows that, with the beam unimpeded by any filter and photon flux 
X = 1.90 x 10 1 0 photons.sec"" 1 within the interferometer, the diffraction 
pattern (Airy pattern) is clearly defined and is composed of a central 
peak surrounded by two subsidiary maxima. The latters can be seen more 
clearly in Fig. 6a (right), where the central peak has been amplified by 
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500 mV/div 


20 mV/div 




TIME SCALE : 0-5 sec/div 

Fig. 6 a) Regular diffraction pattern obtained with a photon 
flux X - 1.90 x 10 10 photons/sec within the interfer¬ 
ometer. b) The diffraction pattern is affected and the 
lateral fringes do not appear when the light flux is 
reduced to X - 4 x 10 8 photons/sec, despite the fact 
that the amplification of the detection system has been 
increased 441-fold while the light flux went down only 
48-fold from (a) and (b). 


a factor 2.55 to ~10.2 divisions (by 'division' we mean, of course, the 
separation between two consecutive solid horizontal lines on the photog¬ 
raphic grid) from the original ~4 divisions, by increasing the photomul- 

20 

tiplier voltage from 2000 V to 2200 V. According to classical optics , 
the first subsidiary maximum on the diffraction pattern should have an 
amplitude equal to 0.0175 times the central peak amplitude, that is 

0.0175 x 10.2 = 0.178 division 

As Fig. 6a (right) shows, this is indeed so and the first subsidiary 
maximum is clearly seen. Actually, even the second subsidiary maximum is 

20 

revealed, whose amplitude is : 

0.0042 x 10.2 = 0.042 division 

The fringes in this case are justified by considering that, with high 
probability, more than one photon are present within the interferometer 
at any one time. In fact, the probability analysis carried out in Sec. 
II.3.2.1 shows that, for the case of Fig. 6a: 
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At = 1.90 x 10 10 x 1.4 x 1CT 9 = 26.6 » 0.69 


This means that the probability of interference with two or more photons 
is by far greater than the probability of interference with one photon 
and the fringes might then be created by packets of photons rather than 
single photons. 

Now, if the same experiment is repeated with reduced light inten¬ 
sity, the fringes (or subsidiary maxima) should be seen again provided 
the amplification is sufficiently high to yield a fringe amplitude of 
0.178 division or higher. We inserted therefore in the light path (Fig. 

5) a calibrated neutral density filter of transmission T = 2.09% at the 
laser wavelength, thus reducing the light intensity within the interfer¬ 
ometer by a factor of ~48 to ~4 x 10 8 photons.sec - " 1 (Ax of the probabil¬ 
ity analysis is now 0.56 < 0.69) and obtained the picture of Fig. 6b 
(left) which shows only the central peak of amplitude ~2.5 divisions. No 
sign of fringes or subsidiary maxima is present in this picture. In an 
attempt to retrieve the fringes, the amplification of the photomultiplier 
was increased by a factor of 4.41 to its maximum value, by allowing the 
maximum permissible photomultiplier Voltage (2400 V). Also, the oscillo¬ 
scope amplification was increased by a factor of 4 from 20 mV/division to 
5 mV/division in going from Fig. 6b (left) to 6b (right) (this means that 
the oscilloscope amplification was increased by 100 from the initial 500 
mV/division - Fig. 6a - to 5-mV/division - Fig. 6b right). Despite an 
overall amplification of 441 in going from Fig. 6a (left) to Fig. 6b 
(right), the subsidiary maxima did not appear. This is surprising 
because the amplitude of the first subsidiary maximum on Fig. 6b (right) 
should have been: 

0.0175 x 2.5 x 4.41 x 4 divisions = 0.77 divisions 

i.e. larger than in Fig. 6a (right), where it was detected. Consequently 
it seems that the expected fringes did not exist. 

In order to analyze more in depth these unexpected results and to 
discover if a valid reason exists for the absence of the fringes, we have 
reproduced in Fig. 7 the photographs of Fig. 6a and 6b (right) and added , 
another oscilloscope record (Fig. 7c) obtained with a much lower light 
flux of 7 x 10 7 photons.sec -1 within the interferometer, i.e. a photon 
flux lower by a factor of ~273 than the initial one. Moreover, beside 
each oscilloscope record, we show the same diffraction pattern drawn with 
a thin line passing in the middle of the baseline or in the middle of the 
broadened trace. 

Now, if one looks at Fig. 7a, and more specifically at the figure on 
the right, one observes that the first subsidiary maximum has an ampli¬ 
tude of ~250 mV. If one reduces the light intensity by a factor of ~48, 
the amplitude of such subsidiary maximum should be reduced accordingly to 
~5 mV. This signal is of sufficient amplitude and a clear upward dis¬ 
placement of the baseline in Fig. 7b at the position of the fringes 
should have occurred.* 


*The absence of the fringes cannot be justified on the ground that, since 
the photomultiplier gives very short pulses, they do not overlap at the 
position of the fringes when the light intensity is weak, thus preclud¬ 
ing the trace to elevate from the baseline. In fact, at the position B 
on the central peak at the same height as point A of the fringe (see 
Figs. 7a and 7b) the light intensity is just as weak. Although in B the 
trace does not elevate from the baseline by as much as it should, namely 
^5 mV, still an upward displacement takes place by ~1 mV, whereas 
nothing of this happens on the fringes (A. Gozzini, C.W. McCutchen, 

E.S. Hanff, private communication). 
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500 mV/djv 







■n 


I 3 5 mm 
I 0 5 mm 


TIME SCALE j . 0. 5 sec/div 

Fig. 7 The regular diffraction pattern obtained in (a) with a 
photon flux X = 1.90 x 10*® photons/sec within the 
interferometer is not preserved and the lateral fringes 
do not appear when the light flux is reduced to 
X = 4 x 10 8 photons/sec (b) and to X = 7 x 10 7 
photons/sec (c), despite the fact that the 
amplification of the detection system has been 
increased 441-fold from (a) to (b), and 2200-fold from 
(a) to (c), while the light intensity went down only 
48-fold and 273-fold, respectively. 


On the other hand, the experimental results reported in Fig. 7 seem 
to indicate a departure from the predictions of wave optics and an 
apparent approach to the predictions of geometrical optics. Such 
indication is provided in particular by Figs. 7b to 7c which show a 
sudden discontinuity of light intensity at points which are closer to the 
optical axis of the system as the light intensity goes down. In other 
words, although the central fringe seems to be maintaining always, at the 
light intensities we have investigated, a width of 13.5 mm, the light 
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Fig. 8 Experimental apparatus used to reveal the effect of the 
degree of statistical independence on the photon 
distribution on a diffraction pattern. With a photon 
flux X = 1.90 x 10 10 photons/sec within the 
interferometer (i.e. between pinholes 1 and 2), a 
clear diffraction pattern is revealed with a counting 
time of 2 x 10“ ^ sec. After reducing the light 
intensity 769-fold with a neutral density filter 
inserted in the light path, the same diffraction 
pattern does not appear, despite having increased the 
counting time 1000-fold to 2 sec. 

intensity distribution presents a sudden discontinuity (very similar to a 
shadow effect) which is closer to the geometrical axis of the system as 
the light intensity goes down. 

To conclude this section, it seems that the absence of fringes is 
due to nonlinearity of detection at very low light intensity, and this 
assumption will receive a confirmation from the experiment to be reported 
in the next section. 

II.3.2.3 Photoelectric detection and photon counting along a 
diameter of the diffraction pattern . Our latest experiment, in which we 
counted the photons along a diameter of the diffraction pattern, was done 
with basically the same experimental apparatus as previously described 
(see Fig. 8). The photomultiplier was now operated at a constant voltage 
of 2050 V. In order to eliminate any stray light entering the photomul¬ 
tiplier, the entire apparatus containing the laser and related optics was 
enclosed within a black box, so that only a small opening was available 
for the laser beam to get out of pinhole No. 2. As to the residual light 
from the laser discharge tube going through the pinhole, it was cut 
almost completely out by placing in front of the photomultiplier a high- 
pass filter having transmission 84% at the laser wavelength X = 6328 A 
and rapidly falling down to 0.03% at X = 5540 A . Finally, the entire 
experiment was carried out in a small windowless dark room completely 
shielded from any external light. 

The experiment consisted in moving the photomultiplier by equi¬ 
distant steps of 5/1000 of an inch (= 1.27 x 10”^ cm) and arresting it at 
each step just for the time required for pulse counting. The counting 
was done with a Tennelec 546P Scaler and 541A Timer, the signal from the 
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PULSE 

COUNT 

400r 


LIGHT FLUX 1.90 X 10 10 PHOTONS • SEC' 1 WITHIN THE INTERFEROMETER. 
COUNTING TIME 2 X 10' 3 SEC. 


LIGHT FLUX 2.47 X 10 7 PHOTONS • SEC 1 WITHIN THE INTERFEROMETER. 
COUNTING TIME 2 SEC. 
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DISTANCE FROM CENTER OF DIFFRACTION PATTERN (x2.54 x 10 1 CM) 


Fig. 9 Solid circles : regular diffraction pattern obtained 
with a photon flux X - 1.90 x 10*® photons/sec within 
the interferometer and counting time 2 x 10” 3 sec; 

Open circles : the diffraction pattern does not have 
the same amplitude as before when the light flux is 
reduced 769-fold, despite having increased the counting 
time 1000-fold to 2 sec. 


photomultiplier having been amplified by a factor of 10 through an 
amplifier having input resistance 1000 ft. 

The counting time was chosen rather short, 2 x 10“ 3 sec and 2 sec 
for the two experiments that we ran, respectively, because this offered 
some distinct advantages over long counting times. For one thing, one 
avoids in this way problems of photomultiplier fatigue and decrease of 

19 

sensitivity • For another, the dark count can be greatly reduced with 
an appropriate choice of short counting time. 

The experimental results are reported on Fig. 9. The solid circles 
represent the counts obtained when the photon flux within the 
interferometer (i.e. between pinholes 1 and 2) was 1.90 x 10*® 
photons.sec” 1 (the average photon separation is 1.57 cm, much less than 
the length of the interferometer 42 cm) and the counting time 2 x 10” 3 
sec. The open circles are the counts obtained when the photon flux was 
decreased 769-fold to 2.47 x 10 7 photons.sec” 1 by the insertion of a 
calibrated neutral density filter along the light path (the average 
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photon separation is now 1214 cm, much greater than the interferometer 
length) and the counting time increased 1000-fold to 2 sec. One can see 
that the two diffraction patterns do not overlap (actually, the second 
pattern should be 30% greater than the first because of the factor 
1000/769 = 1.3). On the other hand, a well defined diffraction pattern 
appears in the first instance - the high light intensity case - with a 
clear fringe or subsidiary maximum on the left side of the central peak 
(the other on the right is absent because we did not scan the full 
diffraction pattern). Also, the fringe amplitude is what one would 
20 

expect , namely 0.0175 times the central peak amplitude: 

0.0175 x 335 = 6 counts 


In the second instance, - the low light intensity case -, the diffraction 
pattern, besides lacking the lateral fringe, which can be justified 
because its amplitude is below the noise level, does not have the 
expected central peak amplitude of 

— x 335 + 52 (average noise) = 487 counts 
769 

but only an amplitude of 163 counts. 


In order to have a measure of the detection nonlinearity, we 
subtracted the noise-free signal amplitude of the low light intensity 
case from the expected noise-free signal, and divided the difference by 
the former amplitude: 


435 (expected) - 111 (found) 
111 (found) 


2.91 


291% 


a quite large nonlinearity. 


In conclusion, these experimental results confirm the nonlinearity 
of photoelectric detection of the previous Sec. II.3.2.2. Moreover, they 
indicate that such nonlinearity, at very low light intensities, is no 
different, as far as the effects are concerned, from the nonlinearity of 
the photographic detection and that both constitute an obstacle for 
proving that we are dealing with a single particle phenomenon. 

II.4. Discussion 


In Sec. II.1 we stated that the wave-particle duality for single 
photons can be demonstrated only if a wave-phenomenon, such as an 
interference or diffraction pattern, is unequivocally associated with a 
single particle phenomenon, for which linearity of photon detection with 
light intensity is required. All three experiments reported above have 
shown that, at very low light intensities, the phenomenon is nonlinear. 
Moreover, they indicate that the flux for which the nonlinearities start 
to appear is of the order of 10^ photons.see” 1 at the detector. It is 
interesting to find that, apparently, never before the linearity of 
photomultipliers response at such low light fluxes has been carefully 

19 

investigated • Fig. 10 reports the linearity characteristics of typical 

19 

RCA photomultipliers * It is to be noticed that these instruments are 
linear within a large range of photon fluxes (10 5 -10 13 sec” 1 ), but their 
linearity characteristics have not been tested right where they should be 
for our purposes of verifying the wave-particle duality hypothesis, 
namely below 10^ photons/sec. In summary, because of the nonlinearities 
found, the wave-particle concept for single photons remains at the 
"status quo ante", namely as that of a theoretical hypothesis or 
postulate. 
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Fig. 10 Linearity characteristics of RCA photomultipliers 
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One could explain, of course, the photoelectric results reported 
here in the same manner as it was done with the photographic results, in 
terms of some possible cause for the detection nonlinearity. One of 
these possible causes, for instance, is that the higher the light flux, 
the higher the noise generated within the photomultiplier. The problem 
with this approach is that it does not serve its purpose. In fact, the 
justification of the nonlinearity in this way will require the assumption 
that the wave-particle duality hypothesis is correct and that linearity 
of photoelectric detection with light intensity is to be expected. But 
then, any justification of the departure from such linearity cannot be 
used to prove the original hypothesis. To put it more clearly, a 
hypothesis (the wave-particle duality) cannot be proven by starting with 
the assumption that the wave-particle duality hypothesis is correct. 

What is required, in other words, is a direct and clear demonstration of 
linearity of photon detection with light intensity (at very low light 
intensities) in order to prove that we are dealing with a single particle 
phenomenon. 

In the case of several photons within the interferometer, or in what 
we would call the regular intensity case, the wave-particle duality is 
proven: clear interference fringes appear and the phenomenon is linear. 

It is unfortunate, however, that we cannot unequivocally ascribe the wave 
phenomenon to single particles because there are many of them within the 
interferometer which could collectively act to create the fringes. 

To summarize our results, Fig. 11 reports in graphical form, for 
comparative purposes, the two diffraction patterns obtained in the latest 
of our experiment with the photon counting technique. We observe that, 
at regular photon flux (= 1.95 x 10 7 sec”*), such that the total number 
of photons reaching the detector is 39000, we obtain diffraction pattern 
B which peaks at ~350 counts. When we lower the photon flux to 2.53 x 
10 4 sec” 1 and let a larger number of photons (= 50600) reach the 
detector, we obtain diffraction pattern A of smaller amplitude (= 130 
counts). The nonlinearity is clearly present. 
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Fig, 11 At regular photon flux (= 1,95 x 10 ^ photons/sec), 
such that the total number of photons reaching the 
detector is 39000, we obtain diffraction pattern B 
which peaks at - 350 counts. When we lower the 
photon-flux to 2,53 x 10 ** photons/sec and let a larger 
number of photons (- 50600) reach the detector, we 
obtain diffraction pattern A of smaller amplitude 
(- 130 counts). The nonlinearity is clearly present. 


Such nonlinearity is not unique to our experiments. In a paper by 

Reynolds, Spartalian and Scarl (Fig, 12) diffraction patterns A and B, 
were obtained with two photon fluxes of 200 sec”^ and 30 sec"“^ (see the 
Table below the diffraction patterns) such that the total number of 
photons was 72000 and 14400, respectively, the ratio between these two 
numbers being 5, We have measured the ratio of the densities of the two 
photographs and found it to be 8,125, Thus, the nonlinearity present is 
62.5%, a quite noticeable nonlinearity. 

In conclusion, the series of experiments reported here on the 
detection of diffraction patterns from a laser source at different low 
light intensities confirms the wave nature of collections of photons but 
tends to dispute it, or not to provide a clear proof of it, for single 
photons. 

It remains now to be seen why, in the past, several other 
investigators obtained results which were apparently at variance from 
ours. The purpose of the following section is to make a historical 
analysis of those experiments in the light of what they intended to 
prove. 


II.4.1 Historical analysis of the experiments and results upon 
which the wave-particle idea was born . The aim of this section is to 
show that, historically, the experimental demonstration of the 
association of a wave to a single particle was believed to be obtained 
from the analysis of experiments that in no way proved that single 
particles had wave nature. 
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A 


B 



FIGURE 

PHOTONS/SEC 

EXPOSURE TIME 

TOTAL NUMBER OF 

PHOTONS 

RATIO 

A 

200 

6 m = 360 sec 

72000 


B 

30 

8 m = 480 sec 

14400 

5 


Fig. 12 Diffraction patterns obtained by Reynolds, Spartalian 

and Scarl with a photon flux of 200 photons/sec (A) 
and 30 photons/sec (B), such that the total number of 
photons was 72000 and 14000, respectively, the ratio 
between these two numbers being 5. By a density 
measurement of the two diffraction patterns, it is 
found that the ratio is 8.125. The nonlinearity is 
therefore 62.5%, a quite noticeable nonlinearity. 

When these experiments were performed (1909-1927) the quantum or 
corpuscular nature of light had been well established through the 

fundamental work of Einstein which associated a frequency to the energy 
of a photon in order to explain photoelectric effect phenomena. In 1923 
23 

de Broglie , recognizing that for light there exists a corpuscular 
aspect and a wave aspect united by the relationship: energy = h times 
frequency (h = Planck's constant), came naturally to suppose that, for 
matter as well, such corpuscular and wave aspects should be 
simultaneously present and postulated the relation p = h/X to account for 
the wavelength of a particle having momentum p. It is to be noted that 
in the above expressions for energy and momentum of a single particle the 
frequency and the wavelength, respectively, are essentially 
multiplication factors which can be defined, and measured, only if we 
have a large number of particles disposed on a diffraction or 
interference pattern. In other words, for a single particle, the concept 
of frequency and wavelength would lose meaning in the absence of other 
particles. 

When these concepts were emerging and being developed, the idea that 
a single particle might have wave nature even in the absence of other 
particles came quite naturally from the evidence offered by some 

experiments, initially done by Taylor , and later by Gans and Miguez z , 
2b 2 7 

Zeeman" 1 and Dempster and Batho z whereby interference or diffraction 
patterns had been obtained at intensities of light so low that it was 
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reasonable to assume that each and every photon recorded on a 
photographic plate had crossed the interferometer in isolation. Since it 
was believed that the interference pattern had been constructed by one 
photon at a time, it seemed that each photon was endowed with some sort 
of wave nature, in the sense of being able to choose, or being guided in 
a particular direction and of landing on a prescribed point of the 
interference pattern. The detector, namely the photographic detector, 
was believed at that time to be a linear device in the sense of being 
able of recording every single photon, or, more precisely, a number of 
photons proportional to the light intensity. In other words, the 
appearance of a wave phenomenon like the interference fringes on a 
photographic plate, together with the assumption that the detector was 
linear, were believed to be sufficient and conclusive arguments in favour 
of the idea that each and every photon was endowed with a wave nature. 

r\ / 

Of the above mentioned experiments those by Taylor z , and by 
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Dempster and Batho are the most relevant, and have been widely quoted, 
especially the latter, as proof that single photons have wave properties. 
The experiment of Taylor was very simple. He used the shadow of a needle 
as diffraction pattern and a narrow slit placed in front of a gas flame 
as a source of light. The intensity of light was reduced by means of 
smoked glass screens, and the detection of the diffraction pattern was 
done with photographic plates. In order to know the intensity of light 
for each screen used, these were calibrated with the same apparatus by 
assuming that the photographic detector was linear. In other words, by 
changing the screens inserted between the source of light and the 
photographic plate, the times of exposure necessary to have the same 
blackening of the plate were taken as inversely proportional to the light 

r\ / 

intensities. However, as Taylor himself points out z , this assumption 
"... showed.••to be true (only) if the light was not very feeble”. 
Therefore, at the feeble light intensities that he used in the course of 
his experiments, the linearity of the detector, which was taken for 
granted, was not really true and the appearance of the diffraction 
patterns was not a proof that it was produced by single photons. And 
that indeed Taylor was using very low light intensities is confirmed by 
the fact that the longest exposure time for his plates was 2000 hours or 
about 3 months. More specifically, he quotes using light of flux 
5 x 10~ 6 ergs/sec, which corresponds roughly to 1.26 x 10 6 photons/sec at 
X = 5000 A, with an average photon separation of 2.38 x 10^ cm, and such 
average separation was then assumed to be the true separation. 

Much more sophisticated experiments were those of Dempster and 
27 

Batho • In their first experiment, these authors used an echelon 
grating and a prism in order to obtain interference patterns of the light 
coming from a narrow slit placed in front of a discharge tube containing 
helium at low pressure. By carefully controlling the current through the 
tube they were able to vary the intensity of the helium line emitted by 
the discharge, the calibration of such source being done by comparison 
with a black-body radiator of known temperature. Photographs of the 
interference patterns were taken at various intensities and exposure 
times. The longest time was 24 hrs during which the source emitted an 
average of 95 photons/sec, with an average photon separation of 
3.15 x 10® cm. This average separation was then assumed to be the true 
photon separation, thus leading the authors to conclude that the 
interference pattern observed was due to the fact that "...a single light 
quantum can produce effects that are due to its passing through several 
steps of the echelon simultaneously ...”. In other words, although these 
authors had no proof that the initial assumption, namely that the photons 
were separated, was correct, they used it to ascribe the phenomenon they 
were observing, namely the interference pattern, to separated or isolated 
photons. 
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The second experiment by Dempster and Batho put more stringent 
conditions on the light source, by further reducing the current flowing 
through it to values such that only one atom at a time was believed to 
emit radiation. They came to this conclusion from the consideration 
that, "...if the time of each radiation emission process (which they knew 
to be <5 x 10” 8 sec) multiplied by their number was much less than one 
second, the individual quantum of radiation from any atom must be 
separated in time from the radiation emitted by other atoms". In other 
words, they considered as true time separation of the emission of the 
photons what was instead just an average separation. And with this 
assumption they proceeded with the experiment in which they now used a 
Fabry-Perot etalon as interferometer, and found that the interference 
fringes on a photographic plate appeared even with a light intensity so 
low that 26 hours exposure time was needed. 

The experiments by Taylor z and by Dempster and Batho z/ , briefly 

25 26 

summarized here, as well as those by Gans and Miguez z , and by Zeeman z , 
made all use of photographic plates as light detectors. What they 
observed therefore was never interference or diffraction patterns created 
by single photons, but by groups or clumps of photons. This is because, 
as we have shown in Sec. II.3.1 and subsequent theoretical analysis, a 
photographic film, being a nonlinear detector, is not capable of 
revealing single or isolated photons. In Sec. II.2 we said that a 

Q _ 1 1 

photographic grain , when exposed to light, does not become 

developable unless it absorbs at least three or four photons within a 
time which can be assumed to be of the order of the coherence time of the 

light 1 '\ This means that a photographic grain acts as an R-fold 

28 

coincidence counter, where R is of the order of 3, 4 or more • The 
coherence time x, which is the inverse of the bandwidth, in the typical 
case of thermal light (as used by the above authors) of peak wavelength 
Xp = 5000 A and bandwidth Av = 10 12 sec” 1 (corresponding to AX = 10 A) is 

of the order of 1 psec. Photons, therefore, in order to be detected, 
have to be confined within a distance of the order of the coherence 

length c.x = 3 x 10” 2 cm from the target grain. This coincidence counter 

model of photographic detection has been successful in explaining the 
effect known as "reciprocity failure" at both high and low intensity of 
light,* whereby a photographic detector does not respond to just the 
total number of photons fT (f = photon flux; T = exposure time) incident 
during time T but, due to the short time of persistence of the counting 
mechanism, can record a count only when three or more photons impinge on 

the grain area within that time of persistence. With extremely low light 

flux very few events are recorded and the detector shows clearly its 
nonlinearity, because the probability of having at least three photons 
near the grain area within the short counting time is negligible. 

Such detection nonlinearity has profound consequences. Had they 
known, at the time the wave-particle duality hypothesis was being put 
forward, that the experiments which seemed to prove directly and 
conclusively such hypothesis for single particles had never recorded 
single photons but bunches or packets of at least three photons (and 
certainly more), the wave particle concept would have been more logically 
ascribed to collections of particles rather than single particles. In 

short, the widely referred to experiments by Taylor z and by Dempster and 

27 

Batho in no way provided a proof that single photons have wave nature. 


^Actually we believe that such an experimental nonlinear effect triggered 
the research that ultimately led to the photon counter model. 


129 



In order to justify, however, why a photographic film was believed 
to be a linear detector, we think that such assumption was the most 
logical one at that time because previous experiments on the 

29 

photoelectric effect had proven the linearity of the latter phenomenon. 
Actually, the very notion of a photon as a single entity with well 
defined particle properties was a natural consequence of the linearity of 
the photoelectric effect. And the photographic effect was believed to be 
identical to the photoelectric effect. 

Unfortunately, it was not realized that the photoelectric effect 
investigated at that time with such light sources as arcs, sparks and 

30 

mercury vapour lamps , from which intensities of light greater than 
0.007 foot.candle = 3.06 x 10 1 ® photon.cm” 2 .sec (at X = 5500 A) were 
used, was so far away from the extremely low light intensities of the 

experiments of Taylor^ and of Dempster and Batho^^ that nothing could be 
said about the linearity of the phenomenon in this latter range. In 
other words, besides considering the photographic effect as linear, which 
we now know is not, they assumed that the linearity stemmed from the 
photoelectric effect as linear, which they had not investigated at low 
light intensities. 

Proceeding further with this historical review, it should be said 
that, even if the photographic detection, as we now know, had not really 
revealed single photons, still several experiments of photoelectric 

31 

detection done in subsequent times by Janossy and Naray , and Pfleegor 

p 

and Mandel , to quote the most relevant of them, experiments done with 
extremely low light intensities, seemed to have been able to prove that 
single photons have wave nature, because invariably an interference 
pattern appeared even when the photons were supposed to cross in 
isolation the interferometer. Therefore, the matter seemed to be settled 
anyway. 

Again, no one of these experiments proved their thesis because 
invariably they were done at a single light intensity, no matter how low, 
and the linearity of the phenomenon vs. light intensity, which is so 
important in order to know whether or not we are dealing with a single 
particle phenomenon, was not verified. Moreover, even the recent 

coincidence experiments by Clauser , and by Grangier, Roger and Aspect 4 
are not conclusive in this regard, as we shall soon prove. 

Let us describe briefly the experiments. The one by Janossy and 

31 

Naray made use of a Michelson interferometer and an interference 
pattern was obtained with a light source consisting of a selected line 
(X = 5461 A) of a mercury discharge tube. A photomultiplier coupled to a 
photon counting system was used to plot the interference pattern. The 
photon flux from the source was 2 x 10^ photons/sec and this fLux was 
reduced to 2 x 10 6 photons/sec with a calibrated grey filter. Such 
filter was placed alternately before and after the interferometer, along 
the optical path (see Fig. 1 for a better understanding of the 
experiment), and in both cases the same interference pattern was recorded 
by the photodetector. This led the authors to conclude that, since the 
interference pattern was not affected by the intensity of light within 
the interferometer, isolated photons within the interferometer can be 
simultaneously present in both arms of the interferometer and can 
interfere. 

Clearly, this conclusion would be right only if the authors had 
provided us with a proof that the photons were isolated within the 
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interferometer. In order to prove that they were dealing with single, or 
isolated photons, these authors should have illuminated the detector with 
different intensities of light I and exposure times At (or counting 
times), such that the product I At remained constant and should have 
observed whether or not the interference pattern remained the same at the 
very low light intensities they were using. If it remained the same, the 
phenomenon was linear with light intensity, and therefore it was a single 
photon phenomenon, and the association of a wave (the interference 
pattern) to single or isolated particle would have been justified. 

Lacking such an experimental demonstration, the authors could only claim 
that they had observed a wave phenomenon at very low light intensity, but 
had no way to ascribe it to single or isolated particles, 

o 

The experiment of Pfleegor and Mandel made use of two independent 
light sources, namely two single-mode lasers (Fig, 13), and interference 

effects were detected with a photon counting technique, the photon 

counting beginning only when the frequencies of the two lasers happened 
to be almost the same, the difference being less than 30 kHz, The 
counting was done for 20 ysec, which was the coherence time of the lasers 

used. These authors found that interference effects appeared even under 

conditions where the light intensity was so low that the mean interval 
between photons was great compared with their transit time through the 
apparatus. This led them to conclude that "the effect cannot be readily 
described in terms of one photon from one source interfering with one 
from the other", and that the famous statement by Dirac that "each photon 
interferes only with itself,,, appears to be as appropriate in the 
context of this experiment as under the more usual conditions of 
interferometry"• 

Clearly, in this case too, these authors drew their conclusion from 
an assumption, namely that the mean separation between photons was the 
true separation, which was unwarranted. Therefore their conclusion that 
a photon interferes only with itself remains another unproven assumption, 
not much different from the original assumption, namely that the photons 
were isolated within the interferometer. 

Moreover, if one looks carefully at the Pfleegor and Mandel 
experimental apparatus, as shown in Fig, 13, one finds the claim by these 
authors that the photons reached the interference detector in isolation, 
to be unwarranted. In fact, the beat frequency detector and the 50 KHz 
filter used to open the gate of the two photomultipliers that revealed 
the interference fringes could be activated only if a large number of 
photons of frequency difference less than 50 KHz where picked up 
simultaneously by the two beamsplitters S, These photons crossed 
simultaneously the two strong attenuators and a few of these photons 
reached simultaneously the interference detector, 

3 

Let us now examine some very recent experiments done by Clauser and 

by Grangier, Roger and Aspect^, These fall into the category of the 
so-called "coincidence experiments", whose motivation is the following. 

In order to prove that in an interferometer one is really dealing with 
one photon at a time, it is sufficient to reveal what happens to a photon 
right at the time when it enters the interferometer through a beam 
splitter. Clearly, this isolated photon has to choose one or the other 
path, namely the transmitted or the reflected path. It cannot, of course, 
choose both because a photon is an indivisible entity. Consequently, if 
one positions behind the beam splitter two photomultipliers, one to detect 
the transmitted photons and the other to reveal the reflected photons, 
their signals will never be coincident, if the photons are isolated. And 
this is what these authors claim to have found. 
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sources. 


A few words of caution are in order, however, in these experiments. 
As we shall prove in the following, the limited quantum efficiency of the 
detectors precludes the knowledge that one is dealing with single 
photons, and actually the experimental results seem to indicate that the 
photons are not isolated at all. In other words, although these authors 
can rightly claim that they have ruled out any "classical" splitting of 
the photons in two by the beam splitter, they have not proven that they 
were dealing with single or isolated photons within the interferometer, 
i.e. between the beam splitter and the photodetectors. 

Let us examine carefully the experiment by Clauser , as shown in 
Fig. 14. This author had 4 photomultipliers PM^a, PM^b, PM 2 a and PM 2 b 
viewing cascade photons emitted from a source S and travelling on 
opposite directions towards beam splitters BS^ and BS 2 . Coincidences are 
found by both pairs of photomultipliers PM^a, Pl^b, and PM 2 a, PM 2 b. 

These are termed "accidental" coincidences, induced by emission from two 
different excited source atoms. "Real" coincidences are instead defined 
as those found by photomultiplier pairs PM^a, PM 2 b, and PM^b, PM 2 a 
because they view, through interference filters, different photons of 
wavelength and X 2 emitted by the same cascading atoms. 

Keeping these definitions in mind, we would like to verify whether 
or not this author has been able to prove that one photon goes one path, 
or the other. Clearly, the experiment did not bring any light on this 
question because the photomultipliers used had a limited quantum 
efficiency. Considering the case of photomultipliers PM^a and PM^b, 
which have 15% quantum efficiency, this means that they need, an average, 
between 6 and 7 photons before releasing an electron. This has the 
consequence that one cannot have any knowledge about the arrangement of 
these 6 or 7 photons, namely, if they are isolated one from the other, or 
if they travel in group, etc. Actually, the "accidental" coincidences 
found can be really due to a splitting of the groups in two components at 
the beamsplitter. 

This analysis leads to further conclusions. For instance, if the 
two photomultipliers had higher quantum efficiency than the above, say 
30% as is the case of photomultipliers PM 2 a and PM 2 b, since they will 
require now only between 3 and 4 photons in order to reveal one of them, 
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Fig. 14 Clauser's experiment with cascading photons. 


the number of coincidences will necessarily increase. This is indeed 
what is found with photomultipliers pair PM 2 a, PM 2 b. Here again, 
however, we can say nothing about the arrangement of those 3 or 4 
photons, i.e. if they are isolated one from the other of if they go 
through the beamsplitter as a group. 

If we now introduce a time delay t in the measurement of the 
coincidences, the number of coincidences will be the same as for zero 
time delay because the emission from the source goes on continuously and 
the two photomultipliers will consider as coincident those two photons in 
the group of N required photons that have a time separation equat to t. 
This is what the experiment reports. 

If the coincidences are detected with photomultipliers PMja and 
PM 2 b, the first having 15% quantum efficiency and the second having 30% 
efficiency, the number of coincidences, for the same time delay t will be 
larger than that of the pair PM^a, PM^b, but smaller than that of the 
pair PM 2 a, PM 2 b. This is what the experiment reports. 

Finally, if the coincidences between PM^a and PM 2 b are revealed at 
zero time delay, since now for sure the group of 3 or 4 photons of 
wavelength X^ and X 2 are emitted simultaneously by the same atoms, the 
number of coincidences detected will be determined by the photomultiplier 
with the highest efficiency, and this is again what has been found in the 
experiment. 

o 

In conclusion, it must be stressed that the experiment by Clauser 
has great importance, in the context, however, of the limitation of the 
efficiencies of the detectors, which prelude any detailed knowledge about 
whether or not one is dealing with one photon at a time within the 
interferometer. 

% The recent experiment by Grangier, Roger and Aspect^, as depicted in 

frig. 15, leads to the same conclusion. In this experiment, a source S 
emits pairs of photons of different frequencies v 1 and v 2 . The detection 
of Vj by photomultiplier PM-^ acts as a trigger for a gate generator, 
which enables two photomultipliers PM fc and PM r located along the 

transmitted and the reflected path from beamsplitter BS, respectively, to 
view v 2 for a duration 2u), where 0) is the cascade lifetime. These 
authors aimed at comparing the "classical" prediction of photon splitting 
at beamsplitter BS with the quantum mechanical prediction that a photon 
cannot be split at a beamsplitter. The results clearly favoured the 
latter predictions, which therefore ruled out the splitting of a photon. 
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From this conclusion these authors however arrived by inference that the 
photon goes "alone", i.e. isolated from all the others, in the path 
between beamsplitter and photomultipliers. This conclusion is 
unwarranted. The reason is the following. The photodetectors used, for 
which the quantum efficiency was not stated, have limited quantum 
efficiency. Therefore they need N photons before releasing an electron. 
Assuming, for instance, a 10% quantum efficiency, one electron is relased 
on average for every 10 photons impinging on the photocathode. This 
therefore precludes any knowledge about the arrangement of these 10 
photons, i.e. whether they are isolated one from the other or grouped 
together. On the other hand, the very low intensity source of light used 
in this type of experiment (= 4 x 10 7 photons/sec into the 4 tt steradiant) 
combined with the very short gate time (= 4 x 10"“ 9 s'ec) made it very 
difficult for the two photomultipliers to detect a large number of 
coincidences, but these were detected anyway. Hence, it is difficult to 
understand how these authors can claim that they were dealing with single 
photons. Moreover, it is difficult to accept the claim, following the 
results from another experiment as depicted in Fig. 16, in which a 
Mech-Zehnder interferometer was built around beamsplitter BS1 and the 
fringes were detected with photomultipliers MZ1 and MZ2, that the fringes 
were created by "single photons", or one photon at a time within the 
interferometer, when the proof that they were dealing with single photons 
was never provided. 

3 

The detection of coincidence in the experiments by Clauser , and by 

Grangier, Roger and Aspect^, is in line with the finding of the famous 

experiment by Hanbury-Brown and Twiss* (Fig. 17). In this experiment the 
4358 A line f rom the mercury lamp was isolated by a system of filters, 
and the beam was divided by a beam splitter to illuminate the cathodes of 
two photomultipliers, one fixed and the other movable on a horizontal 
slide. Two amplifiers and a correlator completed the apparatus. The 
results showed "...beyond question that the photons in two coherent 
beams of light are correlated, and that this correlation is preserved in 
the process of photoelectric emission." 

To summarize, in order to prove conclusively that single photons 
have wave nature (and this applies just as well to other particles, such 1 
as electrons and neutrons), one needs to have the following two 
conditions satisfied: 

1. An interference pattern should appear at a light intensity so low 
that the assumption that the photons are isolated within the 
interferometer is a plausible one. The presence of the interference 
fringes in this case would prove that we are dealing with a wave 


134 



OUTPUT MZ2 



Fig. 16 


Interference effects with 


"single photons" 



phenomenon, but it would not prove that it is a single-particle 
phenomenon; 

2. If the experiment is repeated now at lower (higher) light intensity 
and longer (shorter) recording times, such that the total number of 
photons is the same as before, the same interference pattern should 
appear. This would prove that the phenomenon is linear, or that one 
is dealing with a single-particle phenomenon, thus granting the 
association of a wave to a single particle. 


In conclusion, the reference that is always made to the experiments 
done in the past as proof that single photons have wave nature is not 
entirely appropriate, because all those experiments satisfied only the 
first of the above two conditions and therefore the wave pattern obtained 
could not be unequivocally ascribed to single photons. In Sec. Ill 
below, we shall take up this matter again and put forward some arguments, 
based on the results of our experiments, of those of the classical 

Hanbury-Brown and Twiss^ experiment on photon correlations, and of those 
examined in the previous historical section II.4.1, in favour of an 
explanation that interference and diffraction are collective, rather than 
single-particle, phenomena. In other words, while it will be confirmed 
that collections of particles have wave nature, as proven by all 
experiments carried out either in the past or in the present, it will be 
argued that single particles either don f t have wave nature or, if they 
have it, it has not been demonstrated as yet. 


III. THE "PHOTON CLUMP" MODEL 

Several facts are now available from experiments done with light 
that, when put together, provide an interpretation according to a model 
of light that we shall soon advance. But, let us first summarize the 
experimental facts: 

1. When one deals with regular light intensities, clear interference 
takes place and the phenomenon is linear with light intensity. 

2. At low light intensities, the wave phenomenon is still clear, but the 
phenomenon is nonlinear with light intensity. 

3. The experiments of Hanbury-Brown and Twiss^, who detected a 
correlation between light beams of narrow spectral width, show that 
the photons are clumped, or that they travel in packets, rather than 
in a uniform stream. 
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4. The experiment of Pfleegor and Mandel shows that one gets 
interference even with independent light sources. 

5. The experiments by Clauser J and by Grangier, Roger and Aspect^ show 
that one gets photon "accidental" coincidences at a beam splitter, 
thus proving that "accidental" correlations between light beams exist 
beyond a beam splitter. 

All the foregoing facts, as we shall soon prove, indicate that the 
single-particle concept of the photon should be modified into a model in 
which the photon is invariably accompanied by a collection of other 
photons, all clumped together, and that the individual photons in the 
clump are arranged in a geometrical wave pattern, with maxima of 
distribution in one area and minima in another. As said in the 
Introduction, an interferometer is then an instrument that does not do 
anything to the photons to let them interfere (because they have already 
imprinted in the clump that carries them all the characteristics of 
interference) but, by changing slightly the direction of motion of two 
outgoing clumps of photons originating from a single clump, makes them 
change the initial geometrical arrangement into an arrangement which can 
be clearly seen as a wave pattern. In the light of the above, the famous 

5 

statement by Dirac that a photon interferes only with itself can be 
interpreted as meaning that a cluster of photons carries with it a wave 
pattern of photon distribution. 

In the following the photon clump model will be initially outlined 
mainly in pictorial form, considering the various situations in which the 
clump is split at a beam splitter, or when it enters an interferometer, 
or when it crosses a pinhole etc. Once this model has been qualitatively 
described, it will be confronted with the set of experiments that we have 
analyzed in Sec. II.4.1 in order to see how far it can go in their 
interpretation. Finally, in Part IV of this review paper, it will be 
shown that the theoretical analysis leads straightforwardly to a 
justification of the "photon clump" model. 

III.l. Model for a Clump of Photons 


Fig. 18 reports in pictorial form a clump of photons out of a light 
source. It is made up of strings of photons separated by a constant 
distance equal to X in the direction of motion. Transversally, i.e. 
perpendicularly to the direction of motion, the strings of photons have 
distances increasing as one moves away from the center string. The 
photon clump has all the characteristics of a wave distribution of 
photons within it, with maxima and minima. Clearly, one cannot see this 
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distribution in a normal clump, because the maxima and minima are 
narrowly separated. Because of the structure of a clump, its overall 
photon distribution look like a regular diffraction pattern at normal 
light intensities. 

111.1.1. Transmission of a clump through a thin filter. Fig. 19 
shows that photon clumps crossing a low density thin filter, say having 
50% transmission, keep intact their structure, only the number of photons 
decreases in each clump as a function of the filter transmission. In 
other words, with a thin filters the transmission is linear with light 
intensity. 

111.1.2. Transmission of a clump through a thick filter. Different 
is the situation when clumps of photons tend to cross a thick filter, of 
very high density and low transmission (Fig. 20). The clumps, although 
they try to preserve their structure, tend to loose the weakest of all 
photons attached to them, namely the side photons. Moreover, not all of 
them emerge from the strong filter with a number of photons linearly 
related to the filter transmission. These clumps now contain less 
photons than expected from the filter transmission. In other words, with 
a thick filter the transmission is nonlinear with light intensity. 

111.1.3. Splitting of a clump into two clumps at a beamsplitter. A 
beamsplitter breaks the original clump into two smaller clumps (Fig. 21), 
the reflected clump and the transmitted one. Each clump has the same 
number of photons. Only when the original clump is made up of a very 
small number of photons, the transmitted and the reflected clumps can 
have an unequal number of photons. 

111.1.4. Interference of two clumps originating from a single 
clump . The original clump is split at the entrance beam splitter (Fig. 
22) into two clumps, which recombine out of the interferometer. Since 
the two clumps, on recombination, intersect at a very small angle, a 
rearrangement takes place in the strings of photons and these now are 
more widely separated than in the original clump. The strings of 
photons, being now widely separated, can be clearly observed as fringes. 

111.1.5. Diffusion of a clump of photons passing through a pinhole . 
When entering a pinhole, a clump of photons is left with much less 
photons than in the original clump. The clump now diffuses in space and 
expands (Fig. 23). 

111.1.6. Formation of clumps from photons randomly emitted by a 
light source . Fig. 24 shows how the tendency of photons to bunch 
together after they have been emitted from a light source leads to the 
formation of clumps. 
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Fig. 19 Transmission of clumps through a thin filter. 


From the above qualitative model of a clump of photons and its 
behaviour in various experimental situations we shall proceed and employ 
it in the interpretation of the previoulsy mentioned optical 
experiments. 

III.2. Explanation of the Experimental Results with the Assistance of 
the Photon Clump Model 

As far as the experimental nonlinearities found in our experiments 

21 

as well as in the experiment by Reynolds et al , these are explained by 
the fact that, at extremely low light intensities, the clumps of photons 
tend to loose their structure and to break up in smaller clumps 
containing less photons than expected. 

111.2.1. The Hanbury-Brown and Twiss experiment . Fig. 25 shows how 

the Hanbury-Brown and Twiss experiment‘d is explained with the photon 
clump model. The original clump is split into two smaller clumps at the 
beam splitter. These proceed towards the photomulipliers which will 
detect coincidences when the photomultipliers 1 openings, as seen from the 
source of light, are superimposed. When the movable photomultiplier is 
displaced and the photomultipliers 1 openings are no longer superimposed, 
the coincidences deteriorate, as expected. 

? 

111.2.2. The Pfleegor and Mandel experiment . The beam splitters S 
along the optical paths of the two lasers (Fig. 26) detect simultaneously 
two clumps of photons and open the gate that activates the two 
photomultipliers used to reveal the fringes. The two clumps of photons, 
after passing through the strong attenuators, will emerge as two smaller 
clumps which will reach the interference area simultaneously. 

111.2.3. The Grangier, Roger and Aspect experiments^. The 
"single-photon” coincidence experiment by Grangier et al^, as well as 

o 

Clauser's experiment , are easily explained with the clump model of light 
(Fig. 27). The clump , which is made up of several photons, triggers 
photomultiplier PM^ which opens the gate of the counters N r , , and N c . 

The coincidences found are real coincidences of the two clumps 
emerging from beam splitter BS. Many more coincidences would have been 
detected if photomultipliers PM r and PM t had 100% quantum efficiency, or 

if the light source used by the investigators were of intensity higher 
than 4 x 10 7 photons/sec. Moreover, the alignment of photomultipliers 
PM r and PM t is critical for the detection of coincidences, as the 

experiment of Hanbury-Brown and Twiss^ clearly points out. 
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Fig. 20 Transmission of clumps through a thick filter. 
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Fig. 21 Splitting of a clump into two clumps. 




Fig. 22 Interference of two clumps originating from a single clump. 
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Fig. 23 Diffusion of a clump of photons through a pinhole. 
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Fig. 24 Formation of clumps from photons randomly emitted by a 
light source. 
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Fig. 25 Explanation of the Hanbury-Brown and Twiss experiment 
with the photon clump model. 


1 


As far as the interference fringes detected in the same experiments 
are concerned (Fig. 28), they are the result of the superposition of two 
clumps at a time at the exit of the Mach-Zehnder interferometer, the two 
clumps originating from a single clump entering the interferometer. 


IV. THEORETICAL 

The photon clump model can only be justified if one is able to 
derive a photon-photon interaction force leading to the following 
effects: 

1. The photons in a clump must stick together. 

3. The transversal separation (i.e. perpendicular to the direction of 
motion) is variable. 

4. The sticking separation of two colliding clumps of photons is a 

function of the collison angle, or relative velocity —• 

dt 

It is towards the derivation of an interaction law having the above 
properties that the following sections are dedicated. 

IV.1. Analysis of the Heisenberg Principle 

The interaction law will be obtained from a study of the Heisenberg 
principle and the way it was derived. One of the derivations, and indeed 

the most famous one, was given by Heisenberg himself . He considered an 
electron moving along an axis x. In order to observe the electron and to 
determine its position, a microscope is used. Any photon used to observe 
the electron transmits a momentum to the electron which is uncertain by 

Ap = ii sin 6 
x X 

where 0 is the microscope angular aperture. On the other hand, since the 
resolving power of the microscope is 

Ax s --- 

sin 0 

one gets 
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Fig. 26 Explanation of the Pfleegor and Mandel experiment 
with the photon clump model. 



Fig. 27 Explanation of the coincidence experiment by Grangier 

3 

et al. with the photon clump model. 
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Fig. 28 Explanation of the "single-photon" interference 

3 

experiment by Grangier et al. with the photon clump 
model. 
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( 13 ) 


Ap • Ax - h 

A 

It is clear therefore that Heisenberg’s principle can be formulated only 
because, in this case, a photon interacts with an electron and momentum 
is transferred from the former to the latter. If the two particles 
ignored one another, the photon would have proceeded undisturbed by the 
electron and the indeterminacy principle could not have been established. 
That an observer, in turn, picks up the information carried by the 
scattered photon and makes what is called a "measurement" does not change 
the physical reality that the photon interacted and transferred momentum 
to the electron. The question of observability vs. physical reality is 
therefore irrelevant here. 

The Heisenberg principle does not need to be derived from 
experiments. It can be postulated as true, by hypothesizing that it is 
intrinsically associated with any particle, which must then have an 
inherent undefined position and an undefined momentum. This postulate 
alone, however, is not sufficient. Additional assumptions are required 
in order to: 

1. make the particle position and momentum uncertainties Ac and 
respectively, satisfy relation (13); 

2. make the particle uncertainties conceptually acceptable (a 
single particle cannot, intuitively, have a spread Ax of 
position and Ap of momentum - a collection of particles can). 

One finds that, by ascribing to the particle another nature - a wave 
nature - and prescribing a functional relation 

p = h/X (14) 

between particle’s momentum p and wavelength X, the foregoing 
requirements are satisfied. In fact, the spread of particle momentum 
becomes now a spread of particle wavelength: 

Ap = h A(l/ X) (15) 

which is conceptually acceptable because waves can have a distribution of 
frequencies around a central frequency. Moreover, since the waves 
associated with the particle, in order to be able to represent the 
position of the particle, must be localized within an interval Ax, they 
must interfere destructively outside this interval. The interval Ax, 
therefore, must contain at least one wavelength more of the wave X^ than 
of X 2 , where X^ and X 2 are the shortest and the longest of all possible 

33 

waves associated with the particle, respectively • In other words: 

(— _ Axj > 1 (16) 

A 1 A 2 

Multiplying both sides of inequality (16) by h, one gets: 

Ax • h f— - —1 > h 

X 1 X 2 

which, on account of assumptions (14) and (15), leads to 
Ax • Ap > h 

i.e., to the Heisenberg principle. This shows that the association of a 
group of waves (a wave-packet) with a particle, together with assumption 
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(14), leads to, or is consistent with, the Heisenberg principle. 
Conversely, the postulation of the latter leads to the wave-particle 
duality. 

A principle is believed to be true as long as its validity is 
verified by experiments. No doubt can be cast upon the validity of the 
Heisenberg principle because of the demonstrated agreement of quantum 
electrodynamics with experimentation. And the authority of the 
proponents of the intimate connection between the wave and the particle 
nature of matter, namely Bohr, Born and Heisenberg, reinforced the 
argument in favour of the postulation of the Heisenberg principle, de¬ 
spite the conceptual difficulties and objections raised by the wave- 
particle duality even in minds of no less authority, namely Einstein, De 
Broglie, and Schrodinger. 

We believe that the most successful of the postulates, capable of 
predicting and verifying a wealth of experimental results, is not satis¬ 
factory as long as it is not assisted by intuition. To exemplify, the 
principle of conservation of energy is an intuitively acceptable princi¬ 
ple. Likewise, the principle of conservation of momentum, that of mass, 
etc. are principles justified by intuition. 

The Heisenberg uncertainty principle, by hinging so directly upon 
the wave-particle duality, lacks that degree of persuasiveness to make it 
acceptable 1 toto corde* or without reservation. We believe that the 
association of a wave packet with a particle represents a useful mathe¬ 
matical model that lacks physical reality. The purpose of our study is 
to attempt to find the physical reality behind that mathematical model. 

IV•2• Derivation of the Heisenberg Principle. The Case of Photons 

The derivation of the Heisenberg principle, even from a simple 
experiment like the "y-ray microscope" experiment described earlier, 
conveys two important concepts: 

a) the principle does not need to be postulated, but it can be 
experimentally derived, and 

b) there is physical reality in the interaction of particles 
necessary for their observation. 

Therefore, if we are aiming at an understanding of the Heisenberg princi¬ 
ple in terms of physical reality, and not at mathematical modeling, we 
have to base our reasoning on experiments. In doing so we should stay 
away from "gedanken" experiments, which are fraught with danger about 
their ability to represent a possible, real experiment. 

The requirement that the principle be derived from real experiments 
is satisfied by all known particles. These, in fact, are able to 
interact with other particles, thus leading to the experimental deriva¬ 
tion of the Heisenberg principle. Photons are the only exception. When 
one deals with photons, for them no real experiment seems to exist from 
which the principle can be derived. The reason is that, in order to 
establish an uncertainty principle for photons from the generalization of 
the outcome of real experiments, one should try to proceed in the same 
way as we previously did for electrons and have the photon acting as a 
target for other particles. If one considers a possible experiment in 
which the photon acts as a target for a beam of electrons, for instance, 
this would imply the detection of an "inverse-Compton effect", involving 
the scattering of electrons by photons, and such an effect has not been 
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experimentally verified as yet*. Moreover, even if such "inverse-Compton 
effect” were found, the determination of the photon position from the 
scattering of the electrons, which is necessary for the formulation of 
the uncertainty principle, would just be impossible, because no 
experiment can ever provide an image of a photon. It seems, therefore, 
that the Heisenberg principle for photons cannot be derived but only 
postulated. 

We would like to offer here the following derivation of the 
Heisenberg principle for photons, based on the concepts previously 
outlined and on an experiment routinely performed. We refer to Fig. 29 
which shows the classical experiment of a beam of photons crossing a 
narrow slit. After crossing the slit, the x-momentum of each and every 
photon is changed from zero to anywhere between -p and +p x . If we 

disregard, as proposed, the wave^particle model of interpretation of this 
phenomenon and if we reinstate the role of the interaction, the change of 
photon momentum can occur only if the photons interact, some of their 
momentum being transferred to the surrounding photons. Since the 
x-component of the momentum acquired by each and every photon, after 
crossing the slit, ranges between zero and ±p v , this means that such 

momentum is not precisely known and therefore is uncertain by: 

Ap x = P sin 0 (17) 

where p is the original photon momentum and 0 is the deflection angle. 

On the other hand, in order to establish another relation between the 
various parameters, one notices that, by gradually decreasing the slit 
width, the following relation holds: 

Ax • sin 0 = k (18) 

where k is known because Ax and 0 are measurable quantities. In other 
words, by reducing the slit width Ax, we experimentally find that the 
maximum deflection angle 0 increases. But Ax is the uncertainty of the 
photon position. Hence, inserting sin 0 from (18) into (17), we find 

Ap = p • — (19) 

x Ax 


and 


Ap„ • Ax = p • k = const (20) 

We find experimentally therefore that the product of the uncertainties of 
position and momentum is a constant, as previously found. In other 
words, without postulating the wave-particle duality for photons and 
analyzing the single-slit experiment in terms of interacting photons, one 
derives the same uncertainty principle as previously found when the 
momentum of a photon was postulated to be h/X in terms of its wave 
nature. This interpretation of interacting photons, therefore, provides 

*Since we have excluded "gedanken" experiments from our considerations, 
we need real experiments in order to derive the Heisenberg principle for 
photons. Unfortunately the "inverse-Compton effect” is still awaiting 
an experimental verification, although such an effect certainly exists. 
The effect might be observed using an experimental set up proposed by 

Kapitza and Dirac J<4 with standing light waves. Despite several 
attempts to observe the Kapitza-Dirac effect, none of them has provided 
convincing evidence of its detection (see the review paper by 

Eberly 35 ). 
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Fig. 29 Diffraction of light through a slit. The photons 
crossing the slit are deflected and the maximum 
angular deflection 0 is related to the photon momentum 
p according to: Ap = p sin6. Another relation that 

applies here is: Ax sin0 = k, where Ax is the slit 
width and k is a constant. 


the required experimental proof that photons obey the uncertainty 
principle. 

IV.3. Analysis of the Single-Slit Experiment When the Photons Cross the 
Slit One at a Time 


Apparently, the hypothesis of interacting photons cannot be accepted 
because it does not explain diffraction effects obtained when isolated 
photons cross the slit one at a time. In this case, in fact, the photons 
cannot interact with other- photons and the diffraction pattern can be 
explained only with the wave-particle duality of the photons. Likewise, 
the formulation of the uncertainty principle in terms of interacting 
photons, based as it is on diffraction effects caused by interaction, is 
impossible. 

If one considers carefully this objection, however, one finds that 
it would have validity only if the existence of isolated photons was a 
proven fact, and not just on assumption. In other words, only if a clear 
demonstration of the existence of isolated photons were provided by 
experiments, which is not the case thus far, then the objection would be 
valid. Even when one analyzes the experiments of detection of single 
photons, in this instance too one cannot be sure that these single 
photons are isolated (by isolation we mean, of course, at a distance from 
one another that they cannot reasonably interact). This is because the 
limited quantum efficiency of any detector precludes the detection of all 
photons. In addition, the limited time resolution of even the fastest of 
all possible detectors is another factor that precludes the possibility 
of verifying whether the photons are isolated or not. On the other hand, 
if one examines the available literature, one finds that photons cannot 
be radiated as isolated particles from any source. Rather, one always 
deals with sources of light whose individual atoms cannot emit photons 
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independently of each other, because they are constantly interacting with 

a common radiation field 0 . This implies that photons are not emitted at 

3 6 

random but have certain characteristic bunching properties' 3 • This 
"clumping" effect for photons, on the other hand, has been successfully 

demonstrated by Hanbury-Brown and Twiss^ who detected a correlation 
between light beams of narrow spectral width. In summary, the evidence 
in favour of collection of photons, as opposed to isolated photons, is by 
far preponderant. Moreover, once an interaction law for photons will be 
derived in the next section, it will be found that it leads naturally to 
the clumping effect for photons. 

IV. 4. Derivation of the Interaction Law 

We have proven thus far that the Heisenberg principle refers to 
interacting particles. The principle has never been contradicted. It 
has the status of a physical law experimentally found. The 
interpretation, however, of the terms Ap and Ax has always been given in 
terms of uncertainties of the outcome of the measurement or observation. 
Since we have already recognized that the observation is not necessary 
and have admitted that the Heisenberg’s relation is a consequence of an 
interaction between particles, the interpretation of the principle must 
of necessity change. Let us refer again to Fig. 29. Assume that the 
intensity of light is such that only two photons, at a particular instant 
of time, cross the slit. Because of the mutual interaction that tends to 
push the two photons away one from the other, and because of the absence 
of other photons from the immediate surrounding, the two photons position 
themselves at a distance equal to the slit width Ax just before emerging 
from the slit. Immediately after, when they are unrestricted by any 
physical bound, the component of each photon’s momentum in the 
x-direction changes by an amount = P sin We have to assume the 

maximum amount of momentum change in order not to violate the Heisenberg 
principle. In fact, assuming the deflection angle 0’ to be less than 6, 
we would have: 

Ap’ = p sin 0’ (21) 

X 

On the other hand, experimentally one finds: 

Ax = —£— , (22) 

sin 0 

where Ax is the slit width, and this relation is independent of the in¬ 
tensity of light, i.e. it is valid even with two photons crossing the 
slit. Multiplying (21) by (22), one gets: 

Ap’ • Ax = pk .. < pk because 0* <0 

x sin 0 

Since this would violate the Heisenberg principle, 0’ must be equal to 0. 

From the foregoing, it can be said that each photon receives an 
amount of momentum from the other in the x-direction equal to Ap and the 

product of Ax = x (slit width or photon separation) and Zto brings back 

the known formula Ax • Ap - const. Based on the new interpretation of 

its constituent terms, this formula can be written in a more concise 
way: 


x • p - const. 

X 
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const 


(23) 



where p x is now the momentum in the x-direction (measured in the labora 
tory frame of reference, see Sec. IV.7) transferred from one photon to 
another photon located at a distance x from the first. 


Equation (23) is then the interaction law between these two parti¬ 
cular photons just emerging from the slit, x being the photon separation. 
We might generalize Eq. (23) by writing it in the following form: 


P 


r 


_ const 
r 


(23a) 


This means that, rather than considering a slit of width extending only 
in the x-direction (Fig. 29) , we consider a circular opening of diameter 
r and find the photon momentum transfer along the r-direction. We 
further generalize Eq. (23a) by writing it in vectorial form, thus 
pointing opt that the momentum transfer occurs only in the r-direction, 
and not in any other direction. A vectorial form of the equation is the 
following: 




P 


r 


const J 
r 


u 


(24) 


where r u is a unit vector in the r-direction emanating from the position 

P of one of the two photons. Ffpally, we postulate that Eq. (24) is the 
interaction law between any two photons separated by a distance r*. In 
other words, we assume that Eq. (24) applies to any two photons, no mat¬ 
ter where they are. Equation (24) is therefore a formula of general 
validity representing a law of interaction or of momentum transfer 
between any two photons separated by a distrance r. Since the motion of 
a photon is perturbed in this way by the presence of all surrounding 
photons, we are interested in determining the amount of the perturbation, 
i.e. the displacement of the position of that photon from the one it 
would have if all other photons were absent. 


IV.5. Derivation of Kirchhoff's Formula 


|tfe would like to inquire whether Eq. (24) is capable of explaining 
4iffr§ction phenomena, i.e. the arrangement of photons on a wave pattern, 
successfully explained so far only in terms of the wave nature of light. 

Because each photon is now subject to a field (24) of interaction or 

field of momentum transfer generate^ by each and every surrounding 
photon, the perturbation of its motion can be derived by making use of 

37 

standard potential theory and applying Green's theorem to a region R 
containing the position P(x,y,z) of a test photon: 

/ (UV 2 V - yv 2 u) dv = / (u — - V i^lds (25) 

■Q n dn Oil 


^Equation (24) is a universal law applicable to all particles, and not 
just photons, because no reference exists to mass, size, density, 
initial momentum, etc. of the interacting particles. Clearly, this law 
of interaction is in addition to any other known particle-particle 
interaction which may also lead to momentum-energy transfer and may in 
fact be predominant. In Appendix A we shall compare the interaction 
force derived from Eq. (24) with the electrostatic and gravitational 
forces. 


In this identity we take as a function V one of the three cartesian 
components of the momentum vector p r (lq* 24): 

p = sin 0 cos <$>; p = £££— sin 0 sin (j>; p = ££ n . s -- cos 0 (24a) 

x ^ y ^ ^ 

where r, 0 and <f> are spherical polar coordinates with origin at the test 
photon. Hence 

V = - (24b) 

r 

where the value of the constant K depends on the particular cartesian 
component (24a) we have chosen. The analysis that follows therefore 

refers to a cartesian component of the momentum vector p r . Since V has a 

singularity for r = 0, the identity (25) cannot be applied to the whole 
region R. Therefore, we surround P with a small sphere o with P as a 
centre and remove from R the interior of the sphere. For the resulting 
region R f we have, since V is harmonic in R f : 

-/ I V 2 Udv = / (0 ±- I - I iH)ds + *i)ds (26) 

r g 3n r r 3n a 3n r r 3n 

where n denotes the normal to the boundary of R, pointing outward from 
R f , so that on a it has the direction opposite to the radius r. Hence, 
the last integral may be written 

/ (u i- + i £Hlr 2 d« = U • 4 it + / r — dfl (27) 

Q r 2 r 3r n 3r 

Here U is a value of U at some point of a, and the integration is with 
respect to the solid angle subtended at P by the element of a. As the 
radius of a approaches zero, the limit of the integral over o in (26) is 
4 ttU(P) and the volume integral on the left converges to the integral over 
R. We thus arrive at: 

U(P) = - i_ / dv + -L- / i ds — i- / U — I ds (28) 

4tt £ r 4ir g 3n r 4 tt g 3n r 

This is the expression to be satisfied by the second function U in 

V 

Green’s theorem if the first function V is equal to —. 

r 

We shall take the function U to represent the total momentum 
transferred to the test photon by all other photons. We are interested 
in knowing the form to be taken by the function U in order to satisfy our 
physical conditions and equation (28). Since we are dealing with a 
stream of photons moving with velocity c, whose position is changing with 
time t, the total momentum U applied to the test photon at point P has to 
depend on time t also: 

U = U(P,t) (29) 

Moreover, since simultaneity of cause and effect (action at a distance) 
is excluded here, any signal emitted by the moving photons will be 
transmitted with finite velocity c and will be received at the point P 
after a time r/c.* Hence, the integration in (28) must be performed not 

*Here, we are treating this matter in the same way as the field of a 

o o 

moving source • 
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at time t, but at the retarded time t - r/c. The function U to be 
inserted in (28) is then: 

U = u(x,y,z,t - .£) = [u] (30) 

c 

where the square brackets indicate the retarded value of the function. 


The perturbation or "optical disturbance" produced at a point P by a 
collection of streaming photons is given by U(x,y,z,t). In order to find 
this function, we consider initially only one photon travelling with 

velocity c. In polar coordinates, the field of interaction (or field of 

oo 

momentum transfer) of such a moving source is expressed as : 


P (?,t) = _£2£2t 

■¥ ■¥ 

r, _ C*P 


(31) 


where p = |r - ct Q | = c(t-t Q ) and t Q represents a time such that a signal 
emitted by the photon at t Q will arrive at r at time t. 

In a cartesian coordinate system, in which the x-axis coincides with 
the velocity vector c, expression (31) becomes: 


p(x,y,z,t) 


const 


c (t-t 0 > 


c(x-ct Q ) 


= CQnst 
ct-x 


(32) 


Equation (32) for the field of interaction (or momentum transfer) of the 
moving photon is a function that satisfies the wave equation: 


V 


2 


P = 





(33) 


The field of a collection of photons, because of the linearity of 
the wave equation (33), is the sum of the fields of each photon. Hence 
the function U also satisfies the wave equation: 




(34) 


In summary, it has been verified that the application of Green*s 
theorem to a region R containing the position of the test photon leads 
to Eq. (28), when the function V has been chosen to be the one expressed 

by (24b), a cartesian component of the momentum vector p r . For the 

physical conditions provided by a stream of photons moving with velocity 

c, the second function to be inserted into Green's formula is U(x,y,z,t), 
which represents the momentum transferred from all the streaming photons 
to the test photon^^and which must be calculated at the retarded time t - 
r/c in the integration of (28). It was also proven that the field of 
interaction (or momentum transfer) (32) for a moving photon satisfies the 
wave equation (33). Therefore, the function U(x,y,z,t) also satisfies 
the wave equation (34). This analysis is sufficient to lead, by 

TQ 

straightforward but tedious calculation, to: 


U(x,y,z,t) 






r3Ul __ 1_ Zr 
3n cr 3n 



(35) 


This is the well-known general form of Kirchhoff's theorem, as found in 
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any textbook on classical optics^. At variance from the classical case, 
however, it expresses now a type of "optical disturbance" which is not 
related to light intensity or amplitude but to the "total interaction or 
total momentum transfer" produced by a collection of photons, randomly 
distributed in space and time, to a test photon positioned at a point 
(P,t). Such momentum transfer displaces the test photon by an amount 
given by Eq. (35). We shall be seeing more clearly in Sec. IV.9, when we 
will be dealing with the derivation of the Helmholtz 1 formula, that such 
displacement makes the particles reposition themselves on a distribution 
of maxima and minima of number density, much like a wave distribution. 
Moreover, since Eq. (35) does not depend on such physical properties of 
the photons as energy and momentum, and therefore it is valid for any 
photon, we shall see that, in the particular case of monoenergetic (or 
monochromatic) photons, a characteristic length appears in the formula, 
which is a parameter in all respects equivalent to the wavelength X in 
the classical wave theory of light. The next sections will deal at 
length with this particular case, and it will be proven that diffraction 
phenomena can be explained as a geometrical arrangement of interacting 
photons. 

IV. 6. Derivation of the Interaction Force 


We previously stated that the interaction law between two photons is 
given by Eq. (24): 


:► _ const t 

p-r 

r r u 


(24) 


where r is the separation between the two photons and r is a unit vector 

in the r-direction emanating from the position of one of the two 
photons. 


We shall now derive the interaction force F. From 


t 

dt 

one gets: 

? - fiik - i. (ii) ? u + !l flu 

dt dt r u r dt 

= - iL. r + — 
r 2 dt u r dt 


(36) 


(37) 


where the constant appearing in (24) has now been designated as h. The 
physical meaning of expression (37) can be illustrated from the 


examination of two simple cases, 
converging towards a focal point 

counterpropagating photons (Fig. 
dr 

- =0. Hence: 

dt 


namely the case of two photons 
(Fig. 30a) and the case of two 

30). In both cases r u = const and 




h dr 
..2 dt 


-* 

r 


u 


(38) 


Since p r in (24) is measured in the fixed laboratory frame of reference, 
dr 

— in (38) is also measured in such frame. It is then advantageous to 
dt 

consider one photon fixed and the other moving against it in the 
r-direction in these two cases. Expression (38) states that the force is 
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Fig. 30 Derivation of the relative velocity of phototts 

converging towards a common focal area (case a), or 
belonging to counterpropagating beams (case b). 


inversely proportional to the square of the distance r between the 
interacting photons and directly proportional to their relative velocity 

—. In the case of two photons directed towards a focal point (Fig. 30a) 
dt 

the relative velocity is 


dr _ ^ . a 

— = -c sin — 

dt 2 


const 


(39) 


and the interaction force increases as the photons converge towards the 
focal area, because F « 1/r 2 . The force is obviously repulsive because 
it is impossible to focus to a point a beam of light. If the same two 
photons belong to counterpropagating beams (Fig. 30b), their relative 
velocity is 


dr _ _ c 
dt 


(40) 


The force is still repulsive. However, immediately after the two photons 

d r 

cross each other, the force becomes attractive because — changes sign 

dt 

and becomes positive. 


In summary, the force acting between two photons can be either 
attractive or repulsive, depending on whether the photons move away one 
from the other or approach one another, respectively. To obtain a simple 
mechanical representation of such an interaction force, it is as if the 
photons were connected by ideal tiny springs (Fig. 31a), the compression 
of the spring, which takes place when the photons approach one another, 
yielding a repulsive force, and the stretching of the spring, which takes 
place when the photons move away one from the other, yielding an 
attractive force. This is a very crude model, and perhaps a better one 
would be given by an ideal damper element (Fig. 31b), in which the force 
is proportional to the relative velocity of the damper*s terminals. At 
any rate, we shall not attempt here to conjecture on the nature of such a 
force, but rather assume its existence and verify its ability to explain 
well known experimental results. 

IV. 7. The Equilibrium Case (F=0) in a Collection of Streaming 
Monochromatic Photons. 


Let us now consider the case of a source of light which 
continously emits collinear photons. Assume that the light is 
quasi-monochromatic, i.e., the photons initially have a slight spread of 
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(a) (b) 

Fig. 31 a) Model of photons connected by a tiny spring. The 
stretching of the spring yields an attractive force 
between the two photons, whereas the compression of 
the spring yields a repulsive force. 

b) Model of photons connected by a damper element. In 
this case the force acting between the two photons is 
proportional to their relative velocity. 


momentum around a central momentum p Q . Because no two photons have 

exactly the same velocity, they either get closer during the motion, or 
they separate further. In the former case a repulsive force will act on 
them; in the latter, the force will be attractive. We are interested in 
knowing if they attain and, if so, what is the separation between the 
photons at the time of equilibrium when F = 0. To this end, let us 
consider the simple case of two photons of momentum p Q and p Q + Ap, 

respectively, emitted by a common source (Fig. 32). At a particular 
instant of time, the photons are separated by a distance equal to r. The 
interaction law states that the amount of momentum transferred from one 
photon to the other is: 


p r = m v = - 

r 


(24a) 


where v r is the velocity, measured in the laboratory frame of reference 

in the r-direction, acquired by one photon because of the presence of the 
other photon (it might be useful to re-examine Fig. 29 in order to be 
convinced that v r is indeed the velocity in the laboratory frame of 

reference). If the velocity Vp of the latter photon in the r-direction 

were zero, v r would be given by: 

v = £r 
r dt 

When v * 0: 

P 

v = dr + 
r dt P 

/I y 

where — is the velocity of one photon relative to the other. Hence, 
dt 

eq. (24a) can be written in this way: 

m (d£ + V J = i* 

k dt P r 


dr + v _ hi 
dt P m r 


(41) 
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Fig. 32 The case of two photons having a small difference of 
momentum Ap. 


Let us assume that 


dr 

dt 


is the velocity of the forward photon relative to 


the rear one and Vp is the velocity of the latter. Equation (41) can be 
solved for t as follows: 


dt = 

mr • dr 

(42) 

h - mVp • r 



t = 

j* mr • dr 

(43) 


h - mv • r 



The integration of (43) can be performed after transforming the integrand 
as follows: 


A 


+ B = 


A + B - 
m 


Bv 


h 

m 


- V • r £ 
P m 


v • r 
P 


- - v • r 

m p 


Equation (44) is satisfied if 

-Bv = 1 and A = -B — = — — 
P m v m 

jr 


The integration of (43) now yields: 



(44) 


(45) 


(46) 


Equation (46) shows that, as t - t + 00 (t Q is an arbitrary initial 
time): 

-£n(h - mv • r) = An - - - 00 (47) 

p (h-mVp*r) 

and therefore 
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r) -*■ 0 


(48) 


(h - mv • 

If Eq. (48) is solved for r: 

h 


r o * 


when t 00 


mv. 


where r Q is the minimum (or equilibrium) distance between the two 
photons. But mVp is the momentum p Q of the rear photon. Hence 

r Q ■* — = const 


(49) 


(50) 


i.e., the two photons position themselves at the equilibrium distance 
r Q = A = const, having designated as A such distance. Equation (50) 

tells us that the two particles, in the elementary one-dimensional 
analysis provided here, tend to be locked together at an equilibrium 
distance equal to A. Clearly, in a collection of particles, this would 
induce a conglomeration or clustering of the particles, i.e. a lattice 
structure. In other words, isolated photons do not exist in this model. 
It is interesting to remark that this finding is consistent with the 
arguments of Sec. IV.3 and with the results of the experiment on 
nonlinearities reported in Part II of this paper, which are strongly 
indicative of collective, rather than single particle effects. 


In conclusion, the first two properties required by the photon clump 
model, namely that the photons stick together and that the longitudinal 
separation between two continguous photons be a constant are brought 
about by the interaction relation (24a) in case of photons collinearly 
emitted by a light source. 

IV.8. The Case of Photons not Collinearly Emitted by a Light Source or 
the Case of two Cl umps of Photons Crossing at an Angle a 

Fig. 33 shows the case of two photons of converging paths. Equation 
(24a) must be written in this case as: 



where v^ is the velocity along the r-direction of the frame of reference 
attached to photon (1) when photon (2) is at infinite distance from (1). 
The final separation of the self-collimated photons is: 


mv l 

* H T* 

since — = 0 now. The photons therefore stick together at a distance a, 
dt 

which is a function of v^, where a is always larger than A. 

The case of two clumps of photons intersecting at an angle a is no 
different from that of two isolated photons. Although it is not possible 
in the present elementary analysis to provide a detailed account of how 
the photons arrange themselves in the combined clump, it is not difficult 
to imagine that the resultant strings of photons will have a wider 
separation than in the original clump. 

IV•9• Derivation of the Helmholtz Equation 

The general wave type rearrangement of photons in a clump, which 
began to appear from the derivation of the Kirchhoff's formula, will 
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receive a more appropriate confirmation from the derivation of the 
Helmholtz equation from the same basic principles of interacting 
photons. 

Let us then proceed with the derivation of the Helmholtz equation. 

We know that each photon is the carrier of a field of interaction (or 
momentum transfer) as expressed by Eq. (32): 

p(x,y,z,t) = —-- (32) 

ct - x 

The analysis of this equation (and of Eq. (31) from which it 
originates) shows that the denominator cannot become negative because a 
signal emitted by the moving photon cannot travel any faster than the 
photon itself. In other words 

ct > x 

Consider now a photon emitted, at time t = 0, by a source located at 
x = 0 (Fig. 34). Because x < ct, the field cannot be felt at points 
outside the sphere having radius ct. There is an additional physical 
limitation to the allowed values of x due to the fact that the maximum 
momentum the moving photon is allowed to transfer is its own momentum 
p Q = h/X. Therefore, an upper bound exists on the allowed values of 

ct - x, and such bound is X: 

x < ct - X 

This means that another photon cannot penetrate into the spherical 
segment of height X shown in the figure. Therefore the field can be felt 
only within the dashed area, and the solid line of the graph in the upper 
part of Fig. 34 is a plot of such field. In short, no interaction 
propagates ahead of the moving photon, whereas an increasing amount of 
momentum can be transferred to an oncoming photon from behind, up to the 
maximum amount h/X. 

Let us now consider the case of a test photon subjected to a 
periodic collision with a train of monochromatic photons emitted by a 
single source (Fig. 35). The test photon can be provided by an external 
light beam interacting with the train of photons. It is therefore that 
photon which occupies the chosen position in space at the time under 
consideration (in other words, we are dealing with a succession of 
photons at a fixed place in the laboratory). We are interested in 
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Fig. 34 The field of interaction of a moving photon can be 

felt by another photon only within the dashed volume. 
A plot of the field is shown as a solid line in the 
upper graph. 


knowing the time dependence of the field experienced by the test photon 
as it collides with each and every photon of the train. Arbitrarily, we 
shall take 100 X as the distance after which the influence of the field 
of the test photon on the oncoming photons is negligible,* so that the 
scattering angle 0 is also negligible, being only 0.57°: 

tan ^ —-— =0.57 - -i degree 
100 X 2 

The field experienced by a test photon positioned at (x,y,z) can now be 
derived. As shown before, such field is created only by those photons 
that are to the right of the test photon. If we assume again that 100X 
is the distance after which the influence of the field of these photons 
on the test photon is negligible**, the latter is subjected to the 
following field: 


P(x,y,z,t) = --— + --- + ... + - h - = l - h - , (51) 

ct-x+X ct-x+2X ct-x+lOOX n=l ct-x+nX 

Equation (51) therefore expresses the perturbation experienced by a test 
photon as a function of its position x and time t. Eq. (51) can be 
transformed into: 


P(x,t) 


100 

£ 

n=l 



h_ = h 

x + nX ^ 


100 

£ 

n=l 


t 

T 


1 



(52) 


*Remember that an oncoming photon cannot penetrate into a volume of 
radius smaller than X containing the test photon. 

**We could have equally taken 1000X, or 10^X etc. as cut-off, on the 
ground that the summation cannot go to infinity, because the streaming 
photons will be absorbed somewhere in space. The series therefore 
cannot diverge. 
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TEST PHOTON 


Fig 

O 


Scattering of monochromatic photons by a succession or 
test photons at a fixed place in the laboratory. 


because c = — • This is the value of the function for one fundamental 

T 

time period T and space period X. The function repeats itself for equal 
periods. Therefore, it is a periodic function, whose time and space 
Fourier series representations are: 


oo 

p(t) =i aj + Z fa*; cos 
2 0 m=l ^ 111 


2 7T . , , t . 2 TT . ^ 

— mt + b m sin — mt J 

-p m .p J 


(53) 


and 


OO 


P(x) = i an + Z (a* cos — mx + b;2 sin mx 


2 IT 


. X • „ 2 TT 


m=l 


m 


m 


) 


(54) 


respectively. 


If we take x = 0, the Fourier coefficients of (53) are 


nn T cos — mt 
t _ 2h i y u f T 

m " XT n=1 o I + n 

T 


dt 


(55) 


m 


9 tt 

nn T sin — mt 
2h i ^ u r T 

XT n=l 


dt 


o 


1 + n 


(56) 


If we take t = 0 and consider only x < 0 (because ct > x), the Fourier 
coefficients of (54) are: 


a x = 2h r A 

m XT n=l i x . 

o — + n 


100 


•V 2 TT 

X cos — mx 


dx 


(57) 


i . 2 tt 
100 ^ sm — mx 

b? = 2Jl Z ^- dx 


m 


XT n 1 o 21 + n 

X 


(58) 


We can make the calculation of the coefficients for the two Fourier 
representations (53) and (54) identical by a change of variables. In the 
case of (55) and (56) we write 

— = y ; dt = Tdy 
T 
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and therefore 


- 

m 


'm 


2h 1 ^° j cos 2 it my dy 
X n=l Q y + n 


2h 1 ^° j sin 2ir my dy 
A n=l y + n 




2h 
X 

— B 

X m 


In the case of (57) and (58) we write 


(55') 

(56') 



A 


y 


dx = Ady 


and therefore 


>5 


x 


b m = 


2h 1 ^° t cos 2 it my , 
T n=i o y + n 

2h ^ r sin 2w my d 
T n=l 0 y + n 


2h 

T 

2h 




B 


m 


(57’) 

(58') 


The coefficients 

A m and 
m 

B . for m 

m’ 

numerical integration. 

They are: 

A x = 2.25 

X 

10~ 2 


A 2 = 6.11 

X 

1CT 3 

b 2 

A 3 = 2.76 

X 

10 -3 

B 3 

A 4 = 1.56 

X 

1CT 3 

b 4 

a 5 = 1.00 

X 

10 -3 

B 5 


1 to 5, have been calculated by 

1.51 x 10 _1 
7.78 x 10~ 2 
5.22 x 10 -2 
3.92 x 10 -2 
3.14 x IQ -2 


The perturbation experienced by the test photons as a function of x (at a 
fixed time t) can be obtained by a plot of Eq. (54). Such plot, correct 
up to the 5th order in the Fourier representation of (52), is shown in 
Fig. 36. One can see that the perturbation or displacement experienced 
by the test photons located at x, x+A, x+2A,.... etc. repeats itself and 
is therefore a periodic signal (period A) with a fast rise and a slow 
decay. It would be interesting to see this signal corresponding to what 
is obtained from actual experiments with light beams. We know already 
that light beams interfere and maxima and minima of photon distribution 
appear, as shown in Fig. 36. In order to have a qualitative comparison 
between the experimental and the theoretical signals, we have analyzed a 
set of interference fringes created by a pulsed ruby laser source, as 

shown in the inset of Fig. 37. The duration of the light pulse is only 

30 nsec = 3 x 10~ 8 sec in this case, and therefore it is negligible, so 
that the fringes provide a space representation of the density of photons 
at a fixed time t. Each density maximum clearly represents the position 
where most of the photons fall, or the position of the photons which have 
been subjected to maximum momentum perturbation. A density scan of these 
interference fringes shows that indeed the experimental signal (Fig. 37) 
qualitatively agrees with that theoretically predicted (Fig. 36). In 
fact, it has similar fast rise and slow decay. In other words, it seems 

that the space distribution of the interference pattern from a 

quasi-monochromatic source of light is well represented by the Fourier 
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Fig, 36 Perturbation of the position of a test photon as a 

function of the position x. The perturbation plots as 
a periodic signal (period X) having a fast rise time 
and slow decay. 


series (54) of Eq. (52), correct up to the 5th harmonic, as predicted by 
the present interaction theory of light. 


If we assume now that the fundamental function is preponderant,* 

i.e., if we neglect all harmonics and the constant term 1/2 a£, the time 
representation of the signal (53) is 


P(t) 


= a? cos — t + bf sin — t 

1 f|i X ip 


(59) 


In complex representation, (59) becomes: 

P(t) = c? exp (i — t) = U(t) 

T 


(60) 


where 


C 1 = ^ a i) 2 + ( b i> 


tx2 


Kirchhoff f s general formula (35): 
U(z,y,z,t) =-i_ / { [u ] i— — 


4tt 


3n r 


I [iH] _L.ii d 

r 3n cr 3n 3t 


(35) 


transforms into 


U(x,y,z,t) = - i- / {[D] i£. 1- (I) - I [iH] - i- h. ike [u]} ds 


4tt 


3n dr r 


3n 


cr 3n 


-^/ {[U]i£ (Mi) -±k) - I [m ds 


4 7T 


4 7T 


i {[o] n 


3n dr r 
3 r 


3n 


3n 


)-±im ds 


3n 


*This is a reasonable assumption, in that the first harmonic is at least 
twice as small as the fundamental function, and all the other harmonics 
rapidly decrease in amplitude. 
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Fig. 37 Density of fringes created with a monochromatic pulse 
of light (a ruby laser beam of 30 nsec duration). 

Since the density of the fringes represents the space 
distribution of the photons, a strong similarity 
exists betweent his periodic signal and the previous 
of Fig. 36 obtained from the hypothesis of interacting 
photons. 


because: 

JHJ = i 2 jt u 
3t T 

and 

[2L] = i [u] = ike [u] 

at t 

where k = 2 tt/X. 

Since, from (60): 

. ikc(t - —) 

[u] = Cje c = cj;e ikct e" lkr 


(61) 


then: 
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U(x,y,z,t) = 


4tt 


J {-i 


4tt 


t ikct -ikr ikr 


r 1 {l 

4tt s 


t 3 re - ik ( r - ct > 

1 — ; — 

-ik(r-ct) 


i_ (£^I) - I [»]} ds 

3n r r dn 

ikc(t - L) 


_ e 


3c 


/ {of A- ( 


3n 


)- 


r 3n 

ik(r-ct) 3cJ 


3n 


1 } d! 


} ds (62) 


But this is Helmholtz formula^, extensively used in Optics to explain 
diffraction phenomena with monochromatic light. Therefore, it seems 
that, in this case too, the hypothesis of interacting photons leads to 
the same equation as the wave theory of light. 


V. CONCLUSIONS 

The present review paper has analyzed the wave-particle duality 
concept in its historical context and its factual supporting context. It 
has been proven that, in the historical context, the wave-particle 
concept has never really gone beyond the status of a theoretical 
hypothesis, albeit rich in predictive ability. In its factual supporting 
context, it has been demonstrated that the wave-particle hypothesis can 
receive experimental confirmation only if a preliminary assumption is 
adopted, namely that the photons are widely separated in an 
interferometer. Clearly, this assumption invalidates the direct 
verification of the original fundamental hypothesis. 

Such a lack of conclusive experimental proof of the wave-particle 
duality has led us to carrying out three direct experiments, whose 
results have been reported in this review paper. 

Despite the use of advanced instrumentation, or probably because the 
hypothesis does not lend itself to a direct experimental proof, all three 
experiments have left the duality concept at the "status quo ante", 
namely as that of a theoretical hypothesis. 

Taking then a positive approach, it has been advanced the notion 
that wave phenomena, such as interference and diffraction, are perhaps 
collective phenomena, due to many particles. A model has been proposed, 
the "clump" model, whereby a photon is invariably accompanied by a 
collection of other photons, all clumped together, with the individual 
photons in the clump arranged in a geometrical wave pattern, with maxima 
and minima of photon distribution. 

This model has been shown to explain, at least qualitatively, the 
available optical experimental results. Moreover, when photons are 
considered as interacting particles, and on interaction law is derived 
from plausible arguments as a dispersion-free version of the Heisenberg 
principle in which equality replaces inequality and A-quantities become 
sharp, one is able to find from this law that indeed photons tend to form 
clumps and that the distribution of photons in the clumps obeys the 
Kirchhoff and Helmholtz equations, as obeyed when one postulates wave 
properties to photons. 

Although in its infancy, this "clump" model is rich in predictions, 
at least one of which has been already verified. In particular, some of 
the predictions are: 
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1. The tendency to form clumps, with maxima and minima of photon 
distribution, suggests tht the only available means for 
retrieving the particle properties of photons, without their 
associated wave aspect, is to break up a clump both 
transversally, i.e. perpendicularly to the direction of its 
motion, and longitudinally. In other words, it is not enough to 
use a very small pinhole to reduce the number of photons in a 
clump. The string of photons going through the pinhole needs to 
be broken down with a transverse chopper in order to separate 
one photon from the following one; 

2. If one does not proceed in the foregoing way, and simply reduces 
to very low values the light intensity with a strong filter, for 
instance, although the individual clumps will now have a very 
small number of photons, as shown in Fig. 20, their intrinsic 
wave distribution, when a sufficient number of clumps is 
collected (on a screen, for instance) will tend to reappear; 

3. The interaction relation (24a), which is at the basis of the 

photon clump model, leads to eq. (50), whereby the separation 
between successive photons is equal to X. This implies that a 
photon cannot occupy a volume smaller than when a photon, 

because of the presence of other photons surrounding it, is 
forced to occupy a volume smaller than the photon 

wavelength must change or the frequency must increase. In 
Appendix B, as well as in Ref. 43, it is shown that there is 
already experimental evidence for this effect. 

In conclusion, we believe that our study can be considered a 

/ O 

"nonlocal hidden-variable theory" . One must add, however, as 

Rohrlich^ has recently pointed out, that the only way for any "nonlocal 
hidden-variable theory" to become a viable scientific alternative to 
quantum mechanics is to provide predictions which are not borne out by 
the latter theory. The predictions listed above are of this kind. The 
challenge now rests on the test of experimentation. 
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APPENDIX A - Comparison of the Proposed Force of Interaction with the 
Electrostatic and Gravitational Forces 


Let us consider two electrons separated by a distance r and 

d t* 

moving with relative velocity —: 

dt 
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Fig. 38 The case of two electrons initially moving towards a 
focal point P. 


Electrostatic force |F^,j = 
Gravitational force |Fq| = 

i i U 

Interaction force |F^j = — 

r 


4ire r 2 



— — = 
2 dt 


= 2.30 x 10” 28 r 2 newton 

5.40 x 10” 71 r -2 newton 

6.62 x 10~ 8 ^ r~ 2 — newton 

dt 


We are interested in knowing the magnitude of the interaction force 
relative to the electrostatic and gravitational forces, respectively: 


a) 

F j/F c = 2.87 

x 10 6 

rdr 

L dt 

b) 

Fj/Fg = 1.22 

x 10 37 

rdr 

l dt 


(1A) 

(2A) 


Relations (1A) and (2A) show that, when — is large, the ratios 

dt 

Fi/F c a nd Fj/Fq can become quite large. Consider the case of two 

electrons initially far apart and moving towards a focal point P with 
velocity 0.9c (Fig. 38). Their relative velocity is given by formula 
(39): 


— = - x 0.9c x sin — . 
dt 2 

a in this case is quite large and 
F I /F C “ 7 * 74 x 1q2 

f i /f g “ 3,29 x 1C)45 


dr 

dt 


® 0.9c 


Hence: 


(3A) 


(4A) 

(5A) 


Despite the fact that F^ is 774 times greater than F^,, and 
3.29 x 10 ^ times Fq in this case, all these forces are quite weak 
because of the r” 2 dependence. On the other hand, when the electrons are 
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at their closest distance, a ~ 0 and F-j- is negligible in comparison to F 
and Fq. 

In conclusion, the interaction force is predominant over the 
electrostatic and gravitational forces when the two electrons are far 
apart, but it is negligible when the electrons are at their closest 
distance. In general, Eqs. (1A) and (2A) tell us that the relative 

velocity of the two particles is the important factor. For — <3 x 10° 

dt 

m/sec = ~ c the electrostatic force dominate over the interaction 

100 

force. For — > —i— c the opposite begins to occur. 

dt 100 

APPENDIX B - Thres hold Value of Light Intensity for Photon Energy 
Variation 


In the elementary analysis provided in this paper it has been shown 
that a photon cannot approach another one any closer than a 
characteristic distance X, which can be assumed to be the equivalent of 
the wavelength X in the classical wave theory of light. This implies 
that a photon occupies a volume of space equal to or greater than ^X^. 

In terms of photon number density N, for X = 5000A, the maximum allowed 
value is therefore: 

N = -i- = 1.52 x 10 13 cm -3 

4 TT fX'p 
3 ^2 

or, in terms of photon flux F: 

F = N.c = 4.56 x 10 23 cnT 2 •sec” 1 
or light intensity I: 

I = F.hv = F.hS. = 1.81 x 10 5 W.cnf 2 

X 

However, it is well known that, at the focus of high intensity laser 
beams, these values are exceeded. If we take the fundamental view that 
two photons cannot come any closer than X unless a specific mechanism 
allows this to occur (it might perhaps be photon-photon inelastic 
scattering), this implies that some photons, in the course of focussing, 
have their wavelength reduced or frequency raised, thus gaining energy at 
the expense, of course, of energy from surrounding photons. This 
hypothesis is verifiable. Experiments exist in connection with 
ionization of gases by focussed laser beams which seem to point out to a 
photon energy increase at this particular threshold of ~10^ W.crcf^. In 

fact, at this particular light intensity^ 3 and never less than this^, 
the gases begin to be ionized, although their ionization potential is 
well above the original energy of the photons, when emitted by the laser 
source. Hence, some photons seem to be having gained energy in the 
course of focussing. 
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GEOMETRY DEPENDENT PREDICTIONS OF THE QUANTUM 
POTENTIAL MODEL FOR THE ANOMALOUS PHOTOELECTRIC EFFECT 


A. Kyprianidis 

Institut Henri Poincare 
Laboratoire de Physique Theorique 
11, rue P. et M. Curie, 75005 Paris 


INTRODUCTION 


In a set of older and recent experiments extremely high intensity 
laser beams are focused onto metals or gases and anomalous photoelectric 
emission and gas photo-ionization is observed. The anomalous character of 
the effect consists of the fact that outcoming photoelectrons are observed 
although the single photon energy is lower than the work function of the 
material. The first attempt to interpret this effect was based on a light 
intensity dependent approach, the multiphoton theory”*. This theory makes 
a definite prediction for the photoelectron current i as a function of the 
light intensity I, namely i I n where n is the integer part of W/hu + 1,W 
being the work function of the material. This was however disprooved by 
experiment^ since the latter showed a linear relation between the current 
and the light intensity thus discarding the multiphoton hypothesis. 


EFFECTIVE PHOTON AND QUANTUM POTENTIAL MODEL 

Since a multiphoton explanation seemed to be inadequate for this 
phenomenon, a single photon model was advanced by Panarella^, the effecti- 
ve-photon-model (EPM) , in which an energy enhancement is postulated for 
the photons in a high intensity beam, i.e. 

£ a hu • exp B i(I) ————- 

where hu is the normal photon energy, ’B., is a constant and f(I) is a 
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function of the light intensity. Whenever now significantly 

differs from zero, which can occur at the focal point of focused laser 
beams, enhanced energy photons are born according to eq.(l). Furthermore 

g 

an intensity threshold exists for this effect : anomalous effects arise 

when more than one photon occupy a volume of diameter equal to ^ , or at 

-1-3 

photon number densities much greater than 6 TT' . Note that this 

model (EPM) is intensity dependent and geometry independent. 


On the other hand it was shown by Allen that this effect can be 
deduced from first quantum mechanical principles, namely the uncertainty 
relations. Roughly speaking we can see that by focussing we decrease the 
position uncertainty of the photons, thereby increasing their momentum 
uncertainty and through the energy-momentum relation their energy as well. 
This geometry dependent approach predicts the existence of enhanced energy 
photons in focused beams for a radius of the focal point of 


r < 


_ 

2 SiT>@ 


( 2 ) 


where 0 is the lens half-cone angle. Of course, this is a necessary 
condition for the existence of the effect and no probability estimation 
for the photoelectric current is given, the latter being naturally inten¬ 
sity dependent. 


Based on this simple quantum mechanical prediction, we recently 
proposed^’^ a theoretical account for the anomalous photoelectric effect 
in the frame of the causal interpretation of quantum mechanics 

1 2 

using an extension of the quantum potential model (QPM) of Bohm . The 
idea behind this approach is simple and can be easily illustrated in the 
case of a potential barrier : the quantum potential of the wave packet 
approaching the barrier is modified by the presence of the barrier and 
modifies the energy of the particle so that it can tunnel through it, 
although its energy is inferior to the barrier height. The energy or 
potential changes are not "visible” (measurable) on their own but their 
consequences are. The analogy with the present configuration of the 
anomalous photoelectric effect is striking ; one can think of the quantum 
potential of a focussed laser beam to provide photons with enough energy 
or correspondingly to reduce the work function in the metal in such a 
way, so as to permit the photoelectrons to escape out of the metal 
although hu< W. This seems at first sight to go along the lines of Pana- 
rella's EPM but there are some major differences : The EPM is a geometry 
independent, intensity dependent theory, while the QPM is an intensity 
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independent, geometry dependent model, exactly as is the explanation of 
the effect by Allen. The quantum potential is not intensity dependent but 
only geometry dependent since Q, <x AVp'/Zp ( j>= ). Nevertheless the 

number of emitted photoelectrons is intensity dependent as one naturally 
expects. In the following we will shortly expose the main theoretical 

aspects of the model in the frame of the Einstein-de Broglie theory of 

i • uJ3,l4 

light 


EINSTEIN-DE BROGLIE THEORY OF LIGHT 

In this theory the photon is considered as an oscillating localized 

-48 

particle with a non-zero mass TriyjpO ( /yr) ^« 10 g) which moves on the 
average along the lines of flow of a continuous wave field described by 
the complex four-vector wave field [i-]’&*«. > where R and S are 

real functions of the coordinates Xp. , and ctp, is a real four-vector 
with 0.^0,^= 1. Then one can define for the system a Lagrangian which 
reads : 


l 


\ F* r 1 


^ 1 h A r 


(3) 


where the field term is added to the usual Maxwell-term 


ji { jp* rP 


, (4) 


and . . This Lagrangian leads to the field equations 


3^" = ^ A u 


(5) 


which due to the mass-term imply a transverse gauge c)pA = 0. This wave 
equation when contracted by Ay yields the relativistic Hamilton-Jacobi 
equation 




Y 


•R 


which with f-. rs can be put into the following form 


( 6 ) 


Y ^ _^T + Q = 0 


TV? + + 


(7) 


Here Q = -IV l 0R/R is the relativistic form of Bohm T s quantum potential 
and T = S^CXpC^CL 1 ^ is a spin-dependent quantum potential for the spin 1 
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case, which vanishes in any linearly polarized beam, i.e. when dy= const. 
One can now immediately deduce from this equation that the energy of a 
photon E = hv = - as/at is not, in general, a constant of the motion along 
a photon path, except when Q and T vanish identically, as in the case e.g. 
Of linearly polarized plane waves where Q = T = 0. 

In order to use this general theoretical pattern for simplified 
calculations we can now proceed as follows. We can rewrite the eq. (6) in 
the following form ( dp-O-y = 0): 

E « i/(VS)V + ™*c« ' = (8) 

As we readily deduce, the photon energy seems to be augmented by the amount 
of the quantum potential. Furthermore, whenever we apply this formalism 
in a stationary context, i.e. calculation on the focal point of a focused 
laser beam or stationary interference patterns, we can drop the time de¬ 
pendence of.the quantum potential. Furthermore we will postulate that this 
energy enhancement will account for the overcoming of the work function 
by the electrons, therefore setting E^W. 

In order to give a simplified treatment of the known experiments and 
since we dispose of a variety of Gaussian shaped solutions of the Schro- 
dinger equation, which we can apply directly to the cases under conside¬ 
ration, we perform a linearization of eq.(6) (with = 0) and put it 

in a Schrodinger form. The resulting equation can be written as follows 

SS (ysf _ jai. ak _ o o) 

2 m Zm “R 

where we have set 2'm = hp/c 2 and - 3S/31 = hy and furthermore neglected the 
photon rest mass term. Our aim is now to find the critical points beyond 
which the quantum potential attains a certain value which is high enough 
to provide the photon with sufficient energy so as to overcome the work 
function. These critical points can be determined by the following 
equation 

= w-h* oo) 

Hm k 

Having this in mind we can proceed to examine a series of proposed or 
performed experiments. 
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QP PREDICTIONS FOR FOCUSED LASER BEAMS 


The most interesting one is a recent experiment performed by Pana- 
15 

rella et al. and deals with a focused low-intensity He-Ne laser beam. 

The interesting feature of this experiment is that it provides us with a 

lower limit for the probability to obtain enhanced energy photons, i.e. 

-9 

10 , and that hereon a negative result prediction exists for the EPM- 

theory. The interesting data are the following : A laser of 3mW power and 

-2 

hi/ = 1,96 eV, has a 7.7x10 cm diameter. After passing through a lens 

-4 

it attains a focal radius of 1.7x10 cm and an intensity of 

I = 3.3 x 10 4 —~“o , a value which lies beyond the threshold intensity of 

cm W 

It-h = 7.07 x lO^ - — 9 - of EPM. It is therefore interesting to calculate 

La cm £ 

the QPM prediction for this specific experiment. Assuming that the laser 

. -4 

beam has a Gaussian shape I = Io exp(-2x/cr) and a variance ^^10 cm, 
i.e. in the order of magnitude of the focal radius, we can use the 
eq. ( 10 ) to determine the critical point beyond which the enhanced energy 
photons appear. Knowing that the Quantum Potential of a Gaussian is para¬ 
bola shaped 


* _ (l2L\ Z - 2- 

•R dx* l 6 ' z / 6-2 


we get for the critical value Xo 



Z + e -2 


hu(W-hi/) 1 
-tS l o z 


00 


( 12 ) 


which for the specific data given above yields a value *£ ~ 6 . 

The probability of observing the anomalous photoelectric effect 
is now given by 


t = 


Art 

ti 


Z\l a ex P (-^ ) <U 

7 >-,(-¥•>) ^ 


— 1L er 
l/tr 1 ' 


$c [Vz &] 


03) 


which for *s> ~ 6 gives p in the order of magnitude *p 




10 


-30 


Consider now an increase of the laser power density by a factor of 10, 

which can be achieved either by augmenting the power P, i.e. P T = 10P, 

or by reducing o* , i.e. C'/$o*. The first case produces no change in 

p but a change in the number of the active photons, i.e. n f = lOn, which 

-30 

is of course insignificant since p~10 . The second possibility produ- 
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<v 


X^> 


10 ^ and the 


ces a considerable effect, because now ~ 1,9 and p 

number of active photons increases in addition to the enhanced probability 

by another factor of 10. Notice that for this second possibility the way 

cr* is reduced, i.e. focal or afocal system is indifferent. Only the final 

-30 

geometry counts. The original p~10 is of course an almost vanishing 
probability which cannot produce any observable effect. But we can draw 
some interesting features from the above calculation : 

(1) The probability depends on the energy difference (W-hv) and on the 
geometry of the focused beam. In fact the effect is very sensitive to 
the spatial intensity distribution , especially here on O' since we 
have a Gaussian profile distribution. 

(2) The probability does not depend on the power of the laser if all 
other characteristics of the beam remain invariant. 

(3) Of course the number of emitted photons n is intensity dependent, 
i.e. n u. pi and hence the intensity variation has an effect on the photo¬ 
electric current. 


The preceeding calculation and the points we have made enable us to 
state that it is not indifferent how we achieve the high power density 
of the laser. Focussing of the beam increases the probability of emission 
non-linearly while a simple power increase causes a linear increase of the 
photoelectron number, because the geometry of the beam remains unaffected. 
It is even more striking that this effect is not tied to focussing but 
simply to a geometry change : the same effect will emerge if o' is re¬ 
duced by means of an afocal system, in perfect agreement with Held et 
al. 1 s^ observations on Cs atoms. This indicates that the concept of 
light power density is not appropriate as a parameter of the theoretical 
prediction since the effects of power magnitude and geometry variations 
have quantitatively and qualitatively different influences on the result. 

If we keep this scheme as a valid approximation to the real situa¬ 
tion then we can estimate the threshold intensity at which a detectable 
emission should occur. Take e.g. the detection limit for a reasonable 
experiment to be p ~ 10 . This probability is obtained for ^ ^3 or 
correspondingly for ©'*=6'/^ and a power density I f = 41, which yields 1,5 
times the Panarella threshold. Since only order of magnitude predictions 
can be established in the frame of this approximation we consider this 
result quite satisfactory, also in view of the fact that no adjustable 
parameters exist in our model. 
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INTENSITY INTERFERENCE OF COHERENT AND INCOHERENT LIGHT 


It is very interesting to note that this kind of anomalous photoelec¬ 
tric effect is not restricted to laser beams of Gaussian profile but 
applies as well for interfering beams. This can be demonstrated easily by 
taking a double slit configuration and calculating the intensity inter¬ 
ference pattern in the standard way. Assume again two Gaussian packets 
emerging from the double slit and consider the component of their motion 
parallel to the x coordinate of the screen. The two partial beams can be 
written as follows, if one neglects common phase factors and normaliza¬ 
tion coefficients : 


= exp [lK(x+a.)] • exp[- (i ^ ] 
= exp [-CK (x+a>] . exp [- ] 


04) 


where 2a is the separation of the centers of the packets on the screen. 
One can now calculate the intensity pattern on the screen which reads 
(irrelevant factors are ommited): 

I <x exp[-£] • ( cosh ^ + cos 2K*) (15) 


The quantum potential has been calculated for this pattern by Philippidis 
17 

et al. and shows the following significant feature. Sharp minima exist 
at the interference minima 2kx = (2n+l)lT and broad maxima are situated 
on the interference maxima 2kx = 2n'TT . At the first few interference mini¬ 
ma the quantum potential has a singular behaviour and a very low minimum, 
while the depth of the minimum decreases with increasing x. Around these 
minima the Q.P. can supply the photon with enough additional energy to 
overcome the work function. As a simple illustration consider the singular 
case a = 0, where the centers of the two packets coincide at the screen 
and the Quantum Potential takes the form 



(16) 


This singular case yields infinities for Q at 2kx = (2n+l)Tr and can be 
used as a basis for probability considerations concerning the anomalous 
photoelectric emission of interfering laser beams. The whole procedure can 
be put in a scheme analogous to the probability calculations of the preceed- 
ing section, and will be subject of future publications. 
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It is worth mentioning in this context of anomalous photoelectric 
emission that a significant difference arises between coherent and incohe¬ 
rent light. This is not based on their power density difference but on 
geometrical and statistical considerations. We have namely shown^ that 
incoherent light should obey Bose-Einstein statistics, instead of the 
Maxwell distribution present in the coherent light, a fact that yields a 
reduced visibility of the fringes for the interference pattern,namely 
(for a = 0) 


oc • (-1 + ^ cos 2Xx ) (17) 

As can be readily seen from this formula the Quantum Potential has 

now a non-singular behaviour : The appearing denominators of the form 
IT n 

(1 + 2j“ cos 2kx) , n = 1,2, do not vanish at the intensity minima because 
of the Tf/4 factor in front of the cosine term. This is in clear contrast 
to the case described by eq.(16). Since now the QP values are well 
bounded, no anomalous photoelectric effect can be produced using an inco¬ 
herent light source in interference experiments. 



RESPONSE CURRENT OF A PULSED LASER 


Let us finally treat in the frame of this model the response current 
of anomalous photoelectric emission due to a laser pulse. The pulse has 
a gaussian profile in the following sense : The light intensity has a 
gaussian distribution in any cross section of the beam I(D = Xj exp) 
and an arbitrary distribution in the longitudinal direction Ij = Ij(z-ct). 
If we calculate the quantum potential for this pulse we find : 


os) 

-r <5* 

i.e. independent of the longitudinal coordinate. The condition for photo¬ 
electric emission is now equivalent to the one established in eq.(12), na¬ 
mely : 

v. J , F, „2 hy(W-fu') 

r>Y 0 where -^ = | + —*V : (,9) 


If we wish now to calculate the photoelectric response current, 

dn 

namely i«*-r- , then we have to determine the variation of the number of 
dt 
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active photons and hence emitted photoelectrons with time for a fixed z 
value. This can be now put as follows 


fc oo 

dn = ( dr j dr ] d<j> r I^z-cx) exp[-^] = 

-OD r=r 0 o (20) 

- Up e *P[-i§'] 


where r 0 is given by eq.(19). This result invalidates Panarella ! s former 

1 9 

criticisms on our model and establishes the fact that the response 
current is a true replica of the longitudinal pulse profile in perfect 
agreement with Panarella's experimental results^. Furthermore it shows 
that the current itself is sensitive to the geometry of the cross section 
of the beam, and is consequently subjected to all restrictions elaborated 
in the previous considerations on focused beams. 


CONCLUSIONS 

We wish to conclude with three remarks. 

Let us first of all stress what we consider as a big advantage of the 
Quantum Potential Model. It is a model derived from first quantum mecha¬ 
nical principles and contains no ad hoc postulates or adjustable parame¬ 
ters. It can therefore be subjected to experimental tests and its even¬ 
tual agreement or disagreement with them can reveal its advantages or 
shortcomings. But let us also equivalently stress that the approximate 
versions presented here do not necessarily reproduce the whole range of 

possibilities of the model. They simply confirm that even in a first 
approximation the QPM is useful in giving quantitative predictions. Fur¬ 
thermore, the characteristic geometry dependence it predicts clearly dis¬ 
tinguishes the QPM from Panarella's EPM, a fact that can and should be 
tested by experiment. 

Our second remark concerns the physical nature of the effect. It is still 
open in the frame of this formalism whether the action of the Quantum 
Potential consists in an increase of the photon energy, i.e. a frequency 
shift, or if it alternatively reduces the work function to an effective 
value below the invariant photon energy. For the time being, a choice 
between the two versions stated above, seems to be a matter of taste. 
However, a non approximate version of the model could indeed oblige us 
to distinguish between these two aspects. 

This point leads us to our last remark, namely that non-approximate 
calculations are needed in order to arrive at accurate quantitative pre- 
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dictions on the basis of this model. This implies first of all the expli¬ 
cit solution of the Proca equation for different states of polarization 
of laser light, in order to account for the spin-dependent contribution 
to anomalous photoelectric emission. This effect which was neglected in 
the present considerations seems to open a vast area of problems which 
will be examined in future publications. 
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ABSTRACT 

Local realistic models exist which reproduce the quantum mechanical 
predictions for single photons and approximate closely the quantum 
mechanical predictions for pairs of correlated photons; in these models 
the quantum efficiency is interpreted as a true average of detection 
probabilities different from photon to photon. A large set of local 
realistic models with enhanced photon detection is discussed. In these 
models the apparent violations of locality arise from polarization 
correlations estabilished in the detectors. This means that the 
introduction of a third polarizer gives rise to different results from 
ordinary quantum theory. The numerical values of such effects in the case 
of real experimental apparatuses (Strirling, Catania) is estabilished. 


INTRODUCTION 

Bell’s inequality [1], in 19.65* settled a border between the 
so-called local realist theories and Quantum Mechanics (QM): if 
additional (hidden) parameters are used in order to get a more, detailed 
description of the physical world than provided by QM, then the value of a 
certain physical quantity is constrained to obey an inequality which is, 
in turn, violated by QM. Later on Clauser, Horne, Shimony and Holt (CHSH) 
[2] and then Clauser and Horne (CH) [ 3 ] made the original Bell inequality 
liable to experimental investigation with atomic cascade photons at the 
price of an extra assumption: For every atomic emmission, the probability 
of a count with a polarizer in place is less than or equal to the 
probability with the polarizer removed. 

This assumption, due to CH and somehow weaker than the original CHSH 
one , is known as no-enhancement hypothesis (NEH). 

In the last yars this hypothesis has been critized on many gronds. 
The first attempt in this direction has been made in 1983 [4] by showing 
that it is possible to fit the experimental data for atomic cascade 
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experiments [5] with a local realistic model involving an enhancement 
angular variable. Later on Marshall showed that enhancement detection 

models may be extremely difficult to discriminate from Q.M.[6]. 

% 

At present the research on enhacement is developing in different 
directions: Marshall ad Santos [7] and Ferrero and Santos [8] put forward 
enhanced detection models fitting the experimental data for atomic cascade 
tests [5]. These models give rise to a slight modification of Malus’ law 
for EPR correlated photons. Other Authors[9,10], on the other hand, 
studied a broad class of enhanced photon detection (EPD) models in which 
the validity of the single photon physics is not questioned at all. Aim 
of this paper is to discuss the investigation in this direction and to 
show how the idea of enhanced photon detection can be put to a stringent 
test. 


In order to clarify the main idea as well as possible, we discuss 
before a simple example. 

A SIMPLE EPD-MODEL 

In this example every "photon” is assumed to have two physical 
attributes: a polarization vector 1 and a detection vector X . The 

probability of the photon crossing a polarizer with axis a is assumed as 
X -independent and given by 

C = cos 2 (l-a) (1) 

where 1-a is the angle formed by 1 and a (Malus law). The polarization 
vector 1 is naturally assumed to become a, after crossing the polarizer. 

The probability of photon detection by a photomultiplier with quantum 
efficiency n is assumed dependent both on X and on the photon 
polarization and is assumed given by 

D = 8ncos 2 ( X-a)/3 (2) 

for a photon which has crossed a polarizer with axis a . Equation (2) can 
be readily written: 

D = n[l +4cos2( A-a)/3 + cos4( A-a)/3] (3) 

whereby it is evident that the A-averaged value of D is just n , i.e. 
the quantum efficiency. Assuming that a statistical ensemble of photons 
(polarized or unpolarized) has X distributed uniformly from 0 to u , it 
can be seen immediately that for single photons D can always be 
substituted by n : the whole single-photon physics is therefore 

reproduced by our model. 

In the 0-1-0 cascade of calcium used for experimental studies of 
EPR-type situations pairs of photons emitted by the same atom, travel in 
opposite directions, impinge over polarizers with axes a and b and 
eventually enter the photomultipliers with quantum efficiencies and 
UjL • For such pairs considered within this EPD-model, we assume that 
polarization vectors 1 and 1' rotate in opposite directions around the 
common propagation axis and are uncorrelated, so that factors such as (1) 
should be averaged independently over 1 and 1'. 

Furthermore we assume that : 

i) the vector X is the same for the two photons of a given pair; 
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ii) it is distributed uniformly from 0 to it over the statistical 
ensemble (as before); 

iii) it is left unchanged by the photon crossing of a polarizer. 

The probability of a double count is thus given by 

f 7T 

o)(a-b) = <cos 2 (l-a)Xcos 2 (1* -b)>\ dXtrijScos 4 ( X“a)/3]iP 2 8cos 4 ( X“b)/3 ]/it 
U sing (3) we obtain : 

co(a-b) = [1 + 8cos2(a-b)/9 + cos4(a-b)/18] U i r \ 2 /4 

This probability agrees well with the result of the first Orsay 
experiment[5e] 

co(a-b) = [0.249 + 0.2l8cos2(a-b) ]ri x U 2 

The presence of a small extra term proportional to cos4(a-b) is a 
necessary consequence of our model and can lead to experimental controls 
of this proposal. 

A LARGE CLASS OF EPD-MODELS 

The model given in previous section is only one of the many 
EPD-models leading to apparent violations of Bell's inequality because of 
the correlations of X-enhanced photon detection processes, which can be 
conceived. A minimal set of assumptions capable of characterizing 
EPD-models is the following: 

(1) Every photon is endowed with a linear polarization vector 1 fixing the 
photon transmission probability C(l-a) through a polarizer with axis 

a. 

(2) Every photon has also a detection variable which fixes the detection 
probability D(X-a) after the photon has acquired the linear 
polarization a. 

(3) The variable X is distributed uniformly from 0 to it ,in all the 
statistical ensembles used in experiments. 

(4) The variable X has no interaction with the crystal when the photon 
crosses a polarizer, consequently the photon emerges with exactly the 
same X it had before hitting the polarizer. Moreover we assume that 
the transmission probability C(l-a) does not depend on X. 

(5) In the case of atomic cascades (like the 0-1-0 calcium cascades used 
in recent experiments) we assume that the two photons emitted by the 
same atom have the same X and an arbitrary correlation between the 
polarization vectors 1 and 1*. 

Of course the distribution p(l,l’) of the polarization of two photons is 
always non-negative and satisfies the normalization condition 

rU r 7T 

Idl dl’ pU,l*) = 1 

J o 

In this way X looks like a ’’particle” property being transmitted 
unchanged with the energy itself, while 1 resembles much a ’’wave” property 
such as the linear polarization of a classical field. The latter 
conclusion is supported also from the evidence produced by recent 
experiments performed in Pisa by A. Gozzini[ll] and collaborators. For 
these reasons the EPD-models seem nearer to the original dualistic picture 
of the electro-magnetic field than ordinary quantum theory which is based 
uniquely on polarization. 
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We will first analyze the simple case of ideal polarizers; an attempt 
will be made thereafter, to tackle the general case with real polarizers. 
The probability of a double count with ideal polarizers set at a and b 
respectively is 

cjo(a-b) = T(a-b)R(a-b) W 

where 


and 


are the double transmission and double detection probability respectively 
( the labes 1 and 2 refer to the first and second photon of the atomic 
cascade respectively). It is a well-known fact that all the correlation 
functions having the general structure (5) with the said conditions for p 
and with Ci,Q? positive definite and smaller than one obey inequalities of 
Bell’s type. In particular T satisfies the Freedman and Clauser 
inequality[5a]: 

3T(a-b) > T(3(a-b)). (6) 

If* we want our EPD-model to approach the QM predictions within a few 
percent * then 

i 

T(a-b)R(a-b) - q i ri 2 (l+cos2(a-b))/4 (7) 


/•TT rU 

T(a-b) = JdlJdl’ p(l,l’)C 1 (l-a)C 2 (l-b) 


(5) 


o o 


r i\ 

R(a-b) =|dXD 1 ( X-a)D 2 (X-b) 


X] • being the quantum efficiency of the i-th photomultiplier (typical 

values for n. are 15“20%). From (7) we get: 

i 

R(a-b) = n 1 n 2 (l+cos2(a-b))/(4T(a-b)) (8) 

If now we insert a third polarizer, set at an angle a’, between the 
second one (set at a) and the second photomultiplier the probability of a 
double detection with 3 polarizers in then: 

oo^TD(a’ ,a,b) = T(a-b) cos 2 (a’-a)R(a’ “b) (9) 

while QM predicts: 

o)^ M (a’ ,a,b) = nin 2 (l + cos2(a-b) )cos 2 (a f -a)/4 (10) 

The ratio between the two prediction is: 

”Y(a’,a,b) = u)9 M ( a’,a,b)/wf PD (a’,a,b) = (11) 

= (l+cos2(a-b))/(4T(a-b)R(a’-b)) 
which, due to (8), becomes 

y(a f ,a,b) - [(l+cos2(a-b))/(3(l + cos2(a’-b))][3T(a’-b)/T(a-b)] (12) 

If the values (a’-b) = 6 and (a-b)= 30.are chosen, then, from (6), we get: 



y(a’,a,b) > (l+cos 60 )/( 3 (l+cos 20 )) 


(13) 


this curve is plotted in fig.l. 



Fig. 1. Lower limit for the ratio of EPD-model to 
quantum mechanics as given from equation ( 13 ) in the 
case of ideal polarizers.In the region 70 - 8 tf an 
experimental choice between the two theoretical models 
seems easily possible. 

Its meaning is the following: if the quantity 0)3 is experimentally 
measured,and found in good agreement with in the 0 -range in which 
Y > 1 then the class of EPD models here considered is ruled out. Indeed 
(13) gives a lower limit for EPD-models compatibly with Einstein locaity 
and realism ( which are the only two hypotheses necessary to derive the 
inequality ( 6 )). 

A TEST OF EPD-MODELS FOR REAL POLARIZERS 

The sharp conclusion of previous section holds for ideal polarizers. 
Unfortunately, when polarizers’ imperfections are taken into account, the 
mathematical expression for y becomes very entangled and it is not easy 
to obtain an equivalent expression for ( 13 )• 

What we can do is to consider a particular EPD-model of the class 
considered and study its behaviour when polarizers’ imperfections are 
taken into account. In this way we obtain an upper bound for the lower 
limit sought. 

Inequality (13) was obtained by applying formula ( 6 ). Moreover fig.l 
shows that the most interesting region (where the gap between QM and 
EPD-models is larger) is 60° < (a’-b) < 90°• In this range formula ( 6 ) 
holds as an equality for the function 

T B (a-b) = (1-2 |b-a| /tt)/2 (14) 

which is the Bell linear correlation function for photons. Therefore, for 
60 0 < (a’-b) < 90 °, ( 13 ) holds as an equality if the transmission 
probability is given by (14). 
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When the polarizers are real inequality (6) must be replaced by [5a] 

3T(a-b) - T(3(a-b)) > 6 (15) 

• • • 

with 6 = (e+ + £^)/2 - 1 , where £+ = are polarizers’ efficiency 

parameters (i labels the polarizer), and T& is not a solution of the 
equality in (15)* Therefore, we have to try to obtain a new function 
satisfying ( 15 ) as an equality with arbitrary polarizers’ efficiencies. 
This can be accomplished modifying the function (14) into the symmetric 
fuction T’(a-b) shown in fig.2. 



Fig. 2. Comparison between the new function T’(a-b) 
and original Bell’s function T (a-b) (hatchen). 


The function T’(a-b) satisfies the (15) as equality in the the ranges 
60 # < a-b < 90 # - cr, 180* < a-b < l80 # -3 a where 

a = (e'e 2 /e l e 2 - 1 - 26/eiei) tt/4 (16) 

T T 

therefore the analysis we will carry out will be limited to these ranges. 

It is important to stress that no physical meaning is attached to the 
highly artificial correlation function T’(a-b), which has, among others, 
the very unpleasant feature that it implies a loss of photons somewhere in 
the polarizers. One could devise a very unnatural photon model leading to 
T’ as correlation function, and could even ’’lift” the plateau between 90-0 
and 90 +o by means of some other strange mechanism, in order to ’’recover” 
the photons lost, but this would be worthless. T’ is rather to be 
considered as the natural extension of the ’’limit” correlation function T^ 
of formula (14) when polarizers’ imperfections are considered. It 
satisfies ( 15 ) as an equality and if the angle a of formula (16) is not 
too big, one can hope that the ’’sensible range” 60°<a-b<90 °-a be wide 
enough to include some angles for which a discrimination between QM and 
EPD-models is still possible. As we will see, this will be the case for 
the experimental parameters of the groups in ref. 12. 

The prediction for the coincidence probability with 3 polarizers for 
the particular EPD-model just considered is: 
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(17) 


oo 3 * {(e 3 -£ 3 cos 2 (a f -a))£ 2 (2e 1 -£ 1 4(a+b-a)/Ty))/4 + 

3 m + MM- 

+(£ 3 -£ 3 cos 2 (a’-a))£ 2 (2£ 1 +£ 1 4(a-b+a))/4}R(a f -b) 

M - mm- 

2 2 

In deriving (18) it has been assumed that Malus law holds, that £^( £ ) are 
the ratio of photons that have crossed the second polarizer with the right 
(wrong) polarization and that R(0) = R(0 + tt/ 2) : This last assumption was 
deduced by general arguments in reference 13 . 

The QM prediction for the coincidence probability with 3 polarizers 
is 


w? M = ri!r )2 [ (£+£ 1 £ 2 cos2(a-b) )e| + 

+ (£|£ 2 +£ 1 £ 2 cos2(a-b))£ 3 cos2(a*-a)]/8 

and can be easily derived by applying the same method as in (17) 
ratio 


(18) 


The 


y T (a’,a,b) = o)^ M (a’,a,b)/(jof PD (a*,a,b) (19) 

is drawn in fig.3 for (a-b) = 3(a*-b) and for the polarizers* efficiencies 
of the Stirling and the Catania experiments. For the Catania experiment 
90 ° - cr- 80° and the maximum value for Y* is 1.254 at (a*-b) - 69° , while 
for the Stirling experiment 90°- cr- 76° and y* = 1.079 at (a*-b) - 68°. 



Fig. 3* Ratio of QM to the particular EPD-model 
considered for Catania(upper line) and Stirling(lower 
line) experiments. 

Note that only the "sensible" interval 60°< (a*-b) < 90°- cr has been 
considered: the whole reasoning leading to formula (17), (18) and (19) is 
meaningless out of that range. Some more comments about fig. 3* The 
curve y T has been obtained by considering a particular (even though 
"suitable") EPD -model. The limit for y for all of the EPD model of the 
class considered in this paper (and in ref.[9]) is therefore upper-bounded 
by y T . Moreover, an experimental choice between QM and the EPD-models 
considered seems still possible, so that the main idea of reference 9 may 
not be given up. Unluckily, this choice is much harder to carry out, 
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experimentally, than suggested in ref. 9* indeed the curve y , in 
fig.l, gets much lowered when real polarizers are considered, and the 
angular range in which a discrimination is possible (namely where y > 1) 
gets shrunk. It is remarkable that the upper bound y 1 to y takes values 
less than 1 for (a’-b) = 60° and (a’-b) =90°- O’ in both the Catania and 
Stirling case. This suggest that the angles for which y >1 are unlikely 
to be sought out of the range here considered. 

CONCLUSIONS 

In conclusion we wish to stess the physical idea upon which the EPD 
proposal rests. If one accepts the "no-enhancement hypothesis"(NEH) 
normally made in connection with EPR-type experiments, the problem can be 
considered satisfactorily solved by the available experimental evidence, 
except for the photon rescattering problem[l4, 15 ] which is however more of 
an experimental than of a conceptual nature. The only conceptually rich 
way-out of the conclusion that no separable reality can be attributed to 
the quantum systems,is therefore to be found in the refusal of NEH. 

The EPD models assume therefore explicitly the negation of NEH: for 
some pairs of emissions (i.e., for some values of 1, X) the probability of 
a count with a polarizer in place is larger than the corresponding 
probability with the polarizer removed. It can be proved that if in 
eq.(5) the detection probabilities Di and D 2 do not depend on a and b, 
then Bell’s type inequalities are satisfied by o)(a-b). It follows that 
only polarization correlations arising from enhanced detection 
probabilities can simulate the quantum mechanical perdictions for co(a-b). 
In the set of models discussed above this is evident: only the presence 
of R(a-b) allows one to approach closely the quantum predictions, while 
T(a-b) satisfies explicitly the inequalities usually deduced from the 
assumption of separable reality. 

We have therefore discussed the hard-core of the possible EPD-models: 
Barring the possibility that correlations between the detection parameters 
X ,X ! of the two photons are extablished in the polarizers (this would 
amount to a nonlocal effect of the type which we are trying to avoid), we 
had to assume that these correlations existed when the pair of photons was 
created and that they were not destroyed by the photon crossing of the 
polarizers. For this reason the hypothesis of no interaction between ^and 
the polarizer was made. 

Of course models in which not all the assumptions (l)-(5) above are 
made and which approach closely the quantum predictions should be 
possible, for instance by allowing for a mild decorrelation of the 
detection parameters in the polarizers. However, in all such models it 
remains necessarily true that the apparent violations of local realism 
arise from polarization correlation established in the detectors. But 
this simply means that the introduction of a third polarizer (which alters 
the photon polarization correlation just before detection) should give 
rise to non quantum mechanical effects in all cases. 
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DISCUSSION II 


Compiled and interpreted by D.W. Kraft and E. Panarella 


Vigier . I wish to make some comments on De Martini's ejqperimental 
results. First, this is an experiment which is not against quantum 
mechanics but which goes beyond quantum mechanics and which proves that 
the causal interpretation of quantum mechanics gives new predictions 
which can be tested by experiment and that's why I attach a great 
importance to these results; they should be tested and retested. This is 
the first time that the new interpretation provides a new prediction 
which can be tested by experiment, so the Einstein-de Broglie model has, 
in my opinion, received its first direct experimental test. 

The nice thing about the De Martini experiments is that, as he said 
this morning, when he destroys the coherence of the laser beam, it is 
equivalent, if you count just the individual modes, to observing an inco¬ 
herent source at the fantastic temperature of a few million degrees. The 
experiment shows that this incoherent light at H-bomb temperatures still 
statisfies the Bose-Einstein statistics and therefore that the Planck 
distribution is valid at fantastic temperatures, and this had never been 
tested before. This, in my opinion, is an argument against Panarella's 
model because if you modify Planck's Law by introducing the intensity of 
the photon in Planck's law, then you are in conflict with Bose-Einstein 
statistics, and therefore the only hope to interpret the Panarella effect 
is along the line which has been presented by Kyprianidis because the 
validity of the Bose-Einstein statistics at fantastic temperatures is 
proof that this is the only path open. 

Third, what is very strange is that the distribution between the 
horizontal line of the Maxwe11-Boltzmann statistics and the curves of the 
Bose-Einstein statistics prediction is evidence of the reality of the 
quantum potential. This is not new in the literature; there is a famous 
statement by Einstein who, answering the criticism of Ehrenfest, said, 
"the idea of indistinguishability can be considered as a trick to pick up 
the correct statistics. It just means that there must be between the 
elements of the statistics some forces of a mysterious nature." So, the 
experiments that you have seen this morning, if they are true, can be 
considered as direct evidence in favor of the real existence of the 
quantum potential. 

Marshall . Vigier began by saying that "...if you think that light is 
made of particles...". De Martini, when he addressed his questions to me 
this morning, said that he thought that I ought to try to explain his 
results, and I think that you will see from the title of my talk, "Wave- 
Particle Duality Without Particles," that I don't think that light is 
made up of particles. I won't go into all the particle-like behavior 
that one has to explain if one thinks that; there is a problem about 
explaining certain particle-like behavior. But, from the point of view 
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of someone who thinks, as I do, that light is more or less what Faraday 
and Maxwell thought it was, the problem of interpreting De Martini's 
results is really not very severe. My first reaction is that I can't 
quite see why anyone should think that there is any problem about 
explaining those results. In terms of the wave picture of light, one 
obtains the Maxwell-Boltzmann horizontal line result because one thinks 
that the laser produces a perfect sine wave. Actually it is not quite 
perfect? in fact if one introduces the idea of Stochastic 
Electrodynamics, it is modeled by an oscillating wave packet which is 
represented by a Gaussian-Wigner distribution in the appropriate 
variables. But to a very good approximation you've got a perfect sine 
wave with a constant intensity. In that case, all you have to do is to 
make the normal semi-classical assumption that the probability of 
activation of the photodetector in a given time interval is the product 
of the intensity and the time interval and then you get that which De 
Martini referred to as the Maxwell-Boltzmann distribution. But I would 
refer to it as a Poisson distribution, not of photons, but of 
photoelectrons. Now this is the most organized form of light, i.e., a 
more or less perfect sine wave. As De Martini has pointed out, from a 
thermal light source you get something with a rather short coherence time 
which has been modeled by a Gaussian autocorrelation. It is this which 
gives, in a very natural way, the Bose-Einstein distribution of 
photoelectrons. We ought to be reminded of Heitler's statement in his 
Quantum Theory of Radiation where he echoes the Einstein remark quoted by 
Vigier, that it is necessary to have the Bose-Einstein distribution for 
photons in order to recapture the normal field properties of the Maxwell 
field. So for me this all is quite straightforward. The Bose-Einstein 
distribution of photons is a fiction which has been put in by those 
people who have deluded themselves into thinking that light is made up of 
photons. It isn't made up of photons? it is a continuous electromagnetic 
wave. 


Now, I don't quite understand what this condenser is that De Martini 
referred to, but clearly it is a kind of chaotizing device? we are 
basically taking this highly organized laser light and we're chopping it 
up and putting it together again. It's just like shuffling a pack of 
cards. For when you shuffle a pack of cards, you produce some sort of 
Gaussian distribution. Then, what's so surprising? You are going from a 
pure sine wave to Gaussian light, and so you are going from what those 
people who have deluded themselves that light is made up of photons, 
think is a transition from Maxwell-Boltzmann to Bose-Einstein. That's 
how I see this process. 

De Martini . Marshall should not deny certain experimental evidence for 
photons. If you have a few photons impinging on a photographic plate, 
you obtain a little dot? why is this dot here, rather than at some other 
point? Second, with respect to the visibility of this dot - there is 
something that must carry the energy, hv. Other evidence is that of the 
bubble chambers, photographic emulsions, etc. where, if you see a track 
of a gamma ray, this track means something. 

Marshall . I've never seen a track ascribable to a gamma ray. 

De Martini . In a scintillator, you can have a gamma ray. With respect 
to the experiment I described this morning, I agree with you that it is 
not clear, because this experiment is made to verify the wave properties 
of light. But what is striking is that in order to e^qplain the results, 
you have to take into account the statistics and these are related to the 
particle properties of light. If you have only wave properties, how can 
you think in terms of Bose-Einstein and Maxwell-Boltzmann statistics? 
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Marshall . Bose-Einstein statistics is a Gaussian distribution of the 

way..• 

Vigier. It doesn't reduce to a Gaussian distribution. You can get a 
perfectly good Gaussian distribution from classical Maxwell-Boltzmann 
statistics but there are properties of the Bose-Einstein statistics that 
you cannot get from the Maxwell-Boltzmann assumptions; if that were not 
so, why then would Bose and Einstein ever have come into the picture? 

De Martini . There is a theory by Glauber in which he shows that/ for 
this kind of experiment/ you can chop this kind of thing and you get 
actually the Gaussian distribution. But let me ask Marshall: Are you 
able to explain these results just on the basis of stochastic 
electrodynamics? 

Marshall . I don't have the advantage of having designed the experiment/ 
so I shall need a while to think about it. However/ my initial reaction 
is that there is not a great deal of problem about this. The qualitative 
answer I've given you seems to satisfy me as far as explaining your 
experiment. Now, tomorrow morning I'm going to take some of the most 
difficult experiments to explain, using a wave picture, and I'm going to 
explain them using a wave picture. In fact I'm going to take some of the 
most widely discussed pieces of evidence for the particle nature of light 
and I will show you how you can explain them by the wave picture. I hope 
that you will discuss with me the evidence that I present for those 
particular phenomena, but I wouldn't be surprised if this audience will 
point out that I have overlooked certain pieces of evidence from the last 
fifty years. Well, I'm sorry if that's the case - you'll have to wait 
another fifty years so that the "wave party" can grow to the same 
dimensions that the establishment school of physics has grown to, and 
then you will get the explanation for all these other phenomena. But, I 
will give you wave explanations of the most difficult phenomena. 

Selleri . In this debate I agree with Vigier and disagree with Marshall. 

I think there is plenty of evidence for wave-particle dualism and I don't 
believe that it is possible to give a totally stochastic or wave-like 
explanation of these phenomena. 

I want to comment on the talk by Garuccio and to stress that the 
Einstein-Podolsky-Rosen paradox is an extremely interesting field to 
enter at this time, full of exciting ideas. The first most important 
point is that we have never before seen a theory which is so strongly 
committed to a philosophy that even its empirical predictions have a 
philosophical content. This is because quantum mechanics has a 
mathematical structure and from this structure you get predictions, and 
the predictions are violations of Bell's inequality, so they are 
violations of any philosophy which can justify Bell's inequality. Now 
the philosophy happens to be one which I find to be extremely reasonable, 
which is realism and separability. Quantum mechanics, as it appears in 
textbooks today, is so philosophically committed that it is incompatible 
even with local realism. Now, we all know that a lot of experiments have 
been done to clarify this problem and the large majority of them have 
been in agreement with quantum theory. However, it may not be clear to 
everyone that the interpretation of these experiments always required 
additional assumptions. These additional assumptions were of a very 
arbitrary nature and had no empirical support. So you see. Bell's 
inequality for real experiments is not violated by quantum mechanics; in 
order to obtain a violation, one needs a different inequality; such a 
different inequality was deduced from local realism plus additional 
assumptions. Now the experimental situation seems to be that the new 
inequality is violated. On this we can probably agree. But if that is 
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so, then we deduce that either local realism or the additional 
assumptions are wrong. I prefer to say that the additional assumptions 
are wrong? they have no empirical basis whatsoever. So we, in Bari, have 
started to play a different game with the additional assumptions, and we 
made a different one, assumption number four in Garuccio 1 s paper. In 
that assumption, we say that nothing happens in the polarizers and that 
the new things eventually take place in the detectors. Now if one does 
that, Garuccio has shown that we get complete agreement with all 
experiments performed up to now, but disagreement with a new class of 
experiments, as yet unpublished, which has three polarizers. The first 
work on this was performed by Santos, Marshall, Garuccio, ntyself and 
others. So there is a new game to be played here, a very physical game, 
to find out whether Einstein locality, i.e. local realism, or quantum 
theory is correct; both cannot be correct, and the problem is completely 

open now. I think that perhaps we are starting to see here a little 

piece of future physics when we shall overcome quantum theory to make it 

local and realistic again. Of course the game we are playing in Bari is 

not the only one possible; we think it is reasonable but perhaps there 
are others. For instance, there is a very interesting line of research 
in Spain by Santos and Ferrero? they make different assumptions, that 
something happens in the polarizers, and they deduce that for real 
detectors, there can be complete compatibility between quantum theory and 
local realism for all types of possible experiments. But then one can 

conceive different processes like the pi-meson going to K°, K°? perhaps 

the problem of detectors is not so serious there,*thus, the field is 
completely open and it has not yet been decided whether local realism or 
quantum theory is correct. It is a rigorously established theorem that 
both cannot be correct. So it is very exciting and please work on it. 

Surdin. I have two comments for Panarella. The first one is that the 
detectors for neutrons and electrons are quite different from those for 
photons? the efficiencies of these detectors are much higher than for 
photons so I think probably that one may consider that there is one 
neutron or one electron isolated from the other in their paths. The 
second observation is the following: you said that the coherence time 
for the first experiment was one microsecond, and that your photon flux 
was 10 8 per second. That means that the photons are not independent of 
each other, because they are correlated. When you reduce your flux by a 
factor of 500, then you are at the verge of practically having no 
correlation anymore. I believe that this plays some role in the fact 
that you observe in the first case the interference fringes, or that you 
do not observe the fringes in the second case. 

Panarella. Your remarks are two-pronged. The first is related to 
neutron detectors. I don't believe claims of 99.9% detection 
efficiencies. This is the flipping efficiency and has nothing to do with 
the quantum efficiency of detection of neutrons. While 100% neutron 
detection quantum efficiency is a necessary condition, it is by no means 
sufficient because one must also be able to time resolve with an 
oscilloscope, or other instruments, these neutrons in order to identify 
individual events and verify that they are really separated in time. 
Therefore I believe that the evidence presented for single neutron 
detection is not sufficient to prove the point. 

As for the correlations, I have simply presented e^qperimental 
results which theoreticians can now study and for which they can provide 
explanations. 

Datzeff. I would like to ask Panarella about the origin of the 
nonlinearities, which are very important. I am interested in this area 
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because I have been working with electrons and electron interference is 
very similar to photon interference. I have seen nonlinearities of 
electron interference of the same type that you mention. 

Panarella. Whatever their origin, be it the limitation of the detector, 
the filter, or the photomultiplier which has a nonlinear quantum 
efficiency, we are not able to prove directly and conclusively the 
association of a wave to a particle. I do not dispute the wave-particle 
duality; I simply say that we must reserve judgement until such time as 
better experiments can prove the point. 

Vigier. It is a crucial question whether you can associate one particle 
with one wave in an interference phenomenon. Now I deny your statement 
that Rauch has never written that, because you will find in my paper a 
quotation taken from Rauch's latest work about to come out in Physical 
Review, A . I quote: 

"The beam intensity of the neutrons has been reduced by 
chopping to 2-3 neutrons/second with a velocity of 2073 m«sec“l 
(with an error by ±1.4%). Since the Compton wavelength is of 
the order of 10“ 13 cm, this deary establishes that only one 
wavepacket can be present at a time in the device (silicon 
monocrystal) ~10 cm long since its passage takes ~30 psec. Any 
detected neutron (with an efficiency >99%) is thus observed 
long before the next has left its uranium atom within the pile. 
Observed interference in such a situation clearly confirm that 
quantum particles (here neutrons) only interfere with 
themselves (since the neutrons are detected individually)." 

There you are. Rauch has proved that in the interference pattern he 
measures in the device one particle at a time, associated with one wave. 
This can be checked and rechecked and he has done experiments which show 
that the spin flipping device is efficient to 96%, and that two detectors 
of individual neutrons are efficient to 99%. Of course I am not 
discussing photons. I agree with De Martini that nobody has measured an 
individual photon in an interference device, but as for the neutron, it 
has been done and so the wave-particle duality is a fact. 

Panarella. Let me deal with Rauch's statement. What he really said was 
that he has an absorber, which is a detector, and he picks up all the 
neutrons which are present, and that's the meaning of quantum efficiency 
for him. That is not the meaning that we attach to any other device. So 
he has simply said that all the neutrons are absorbed, and that the 
neutrons are separated, on average, by so many meters and therefore 
there are, on average, or with high probability, one neutron at a time 
within his interferometer. That's all that he is saying. And, as I 
said, that's a necessary but not sufficient condition, because he should 
have been able to time resolve these neutrons to see if they were 
separated in time. 

Vigier. But that's exactly what he's done. He sees two neutrons per 
second. The average number of neutrons which come in are one per second. 
Now a probability calculation can never tell you that there is a 100% 
probability that at one time there will not be two neutrons at a time in 
the interferometer. But the fact that you have no more than two neutrons 
per second, and that the Compton wavelength is 10”^ cm, then it is 
fantastic to say that he has, with 99% probability, an average of more 
than one neutron per second. You will not interpret the interference 
pattern by interactions between the particles in an interferometer. 

Dirac was right. 
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Panarella . As I said, 100% quantum efficiency is only a necessary (but 
not sufficient) condition. One needs also to time resolve these neutrons 
and then, one has to observe the interference patterns build up linearly 
with neutron flux, at very low fluxes. 

De Martini . I think what Cufaro-Petroni has done is very interesting. I 
want to ask him if he has checked the physical consistency of the other 
solution, beyond the Dirac equation. Does this anticipate some new kind 
of particle, or is it a repetition of the Dirac solution? I also want to 
ask how you now define the wave function, because now it is no longer the 
probability density, because of the second order derivative, so you can 
no longer use the Born interpretation of the wave function. 

Cufaro-Petroni . It is not so easy to say. First of all, I tried to test 
if there are some different predictions. Of course I did make all 
possible quantum mechanical calculations, and maybe there are testable 
discrepancies with Dirac's theory. 

De Martini . What do the hyperbolic sines and cosines mean with respect 
to Dirac's theory? Do they correspond to some kind of shape of the wave 
packet? 

Cufaro-Petroni . No. I made two tests. The first was to calculate the 
Mott electromagnetic cross-section for the Dirac case, which is in 
standard textbooks, and to calculate in the framework of this second 
order equation; I find that the cross-sections are the same. The 
calculations are different, but the cross-sections are the same. The 
other test I made was the spectrum of hydrogen-like atoms, and the 
spectrum is exactly the same. I didn't calculate the transition 
probabilities so I don't know if they are different. It is possible to 
make these and other calculations, and maybe discrepancies will be 
discovered. But as for now, in ray opinion, these calculations lead to 
the same results as for the Dirac equation. 

Vigier . I refer to the e^qperiments of Panarella. He does not discuss 
the effect of the filter in his measurements. Suppose that somehow the 
filter destroys the coherence of the laser beam; then he might have 
something of what De Martini has observed. 

Panarella . Whatever part of the apparatus behaves nonlinearly, this does 
not change the fact that we have a problem. We are limited by the 
instrumentation itself in proving the wave-particle duality. 

Vigier . This is a problem with light, because the technology is 
difficult and one cannot isolate one photon from the other. 

De Martini . I want to make a comment on nonlinearities. There is 
nothing mysterious in the nonlinearities that Panarella has found. If 
one is looking at intensity, i.e. the charges liberated by a number of 
photons, one has to be very careful, because this is one kind of 
measurement, whereas another one is photon counting. In one set of 
oscilloscope records of Panarella, the central peak of his interferogram 
measures intensity, whereas on the lateral fringes he was really making a 
photon counting measurement. So, he was really doing two completely 
different measurements at the same time. But, let us consider again the 
case of measurement of intensity. Of course, if one goes down in 
intensity, one ends up with nonlinearities, because the detection of a 
single microscopic event is absolutely nonlinear: it is either on or 
off. It is a digital experiment. Because of the quantum nature of the 
phenomenon, one has a pulse or not. On the other hand, the detection 
apparatus is doing a measurement, by which one gains information. 
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Fig. 1 Experimental apparatus used to investigate single slit 
diffraction at low light levels. 


Everytime one gains information, something is lost. If one wants to gain 
information from a detection apparatus, one has to have a quantum 
efficiency <1. So, I agree with Panarella that, if one wants to gain 
information from a detecting apparatus, be it a photomultiplier or a 
neutron detector, one has to have a quantum efficiency <1. Therefore one 
has to be very careful about what Rauch said. In essence, he said that 
all the neutrons are absorbed, but at the point where they are absorbed, 
energy is losjt and one loses time information. In the relation Ae • At, 
the quantity At becomes enormous when Ae becomes very small. 

Vigier. Rauch was operating with slow neutrons and the depth of his 
detector is such that all neutrons are going to be stopped and detected. 
He has lost very little information about time because he operates with 
very slow neutrons. In any case, this should be discussed with Rauch 
himself. 

Jeffers . I would like to thank the organizers of the Symposium for the 
opportunity to present now some experimental results I wasn't officially 
scheduled to present on the formal program. I like to report on some 
experiments that have been specifically designed to test two of 
Dr. Panarella's claims and in this work I had some help from my 
colleagues Dr. Wadlinger and Dr. Hunter. The two claims that I want to 
investigate were described in Dr. Panarella's paper. Specifically, the 
claim that, when one goes down in light flux, the side lobes of the 
diffraction patterns disappear and the flux at which this occurs is 
reported to be of the order of 4x10® photons/sec. The second claim is 
that, when one goes down from 10*® photons*sec”* to 10^ photons»sec“* one 
sees strong nonlinearity. 

The apparatus used in the first series of e^qperiments is shown in 
Fig. 1. It is similar to Panarella's with the exception that single 
slits (as opposed to apertures) are used and different detectors are 
employed. The slits employed here are ~100 jjm wide. Optical fluxes were 
measured at both slits and in the plane of the detector using a United 
Technologies Model 40A Opto-meter. For our arrangement, the critical 
"photon at a time" flux is C/L i.e. ~7.9.10® photons/sec. 

Fig. 2 shows the classical single slit diffraction pattern computed 
for our experimental parameters. For the initial experiments, the 
detector employed was an intensified silicon vidicon. Images were 
recorded for a variety of flux levels from 1.3 x 10 ^ to 1.3 x 10® 
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Fig. 2 Classical single slit diffraction pattern. 


photons/sec as shown in Fig. 3. There is some asymmetry in the pattern 
possibly due to non-uniform illumination of the slit but the important 
result is that the side-lobes are clearly visible in all records as shown 
in the montage of Fig. 3(f). As a test for linearity, the total number 
of counts recorded in each pattern was determined and a plot (Fig. 4) 
made of photon flux vs. counts/sec. Over this range of flux, a nonlinear 
result is obtained. However, it has been previously established that at 
low (and high) flux levels this detector responds nonlinearly. At low 
flux levels, this is due to changes in the efficiency with which the 
electron beam discharges the target. These results do not bear on the 
linearity between the radiation and the photoemissive cathode. This is 
discussed in more detail below. 

A further experiment was performed with respect to the diffraction 
pattern side lobes using a detector originally designed for astronomical 
photometry. This is a chopping photometer which comprises a single-stage 
image intensifier (ITT Model F.4708). An exit slit is contacted to the 
output face of the image tube. A photomultiplier tube (EMI 6094 S) is 
mounted immediately behind the exit slit. A pair of deflection coils is 
mounted around the image intensifier and a square wave voltage of 
variable frequency and amplitude is applied to the coils. The width of 
the exit slit was chosen to be exactly equal to the width of the 
diffraction central maximum at its base. The amplitude of the square 
wave voltage was adjusted to give a deflection of the electron image in 
the image tube exactly equal to the slit width. In this way, the 
detector alternately measures the flux in the central maximum and the 
first two side lobes of the pattern. The frequency of deflection was set 
at 0.25 Hz. One hundred readings of the signal were recorded followed 
by one hundred of the instrumental background. Table 1 shows the results 
for a range of fluxes from 6.3.10 9 to 6.3.10^ photons/sec. The results 
are presented as the ratio of the mean signal (background subtracted.) of 
the central maximum to the side lobes and as the mean of the ratios of 
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Single slit diffraction pattern recorded using an 
intensified, silicon vidicon at the following flux 
levels (a) 1.34 x 10^ photons/sec (b) 1.13 x 10 ^ 
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photons/sec (e) 1.34 x 10 ^ photons/sec (f) Montage of 
region of first side lobes. 
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Fig. 5 Experimental apparatus used to investigate single slit 
diffraction at low light levels. 



Fig. 6 Check of photomultiplier tube response using the 
inverse square law. 
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Fig. 7 Response of photomultiplier tube to varying flux of 
diffracted light. 


the central maximum to the side lobes. Within the standard deviations, 
there is no significant dependance on the optical flux level. 

To test for linearity, the experimental arrangement shown in Fig. 5 
was used. Here the central maximum of the diffraction pattern and three 
side lobes were imaged on to an EMI 6094 photomultiplier tube (uncooled, 
operated at 2000 volts). The response of the photomultiplier tube to 
undiffracted light was tested using an incandescent bulb placed at 
varying distances from the photomultiplier tube. Fig. 6 shows the 
photomultiplier current as a function of 1/D 2 . The relationship is quite 
linear as expected. 

Fig. 7 shows the response of the photomultiplier to varying fluxes 
of diffracted light and again the relationship is found to be quite 
linear. 

In conclusion, three separate single slit diffraction experiments 
have been performed at low flux levels to test for changes in the 
intensity distribution in the diffraction pattern and for nonlinearities. 
No such effects have been observed. 

Panarella . Since my work has been criticized by Jeffers, I would like to 
comment on his work as follows: 

1. Jeffers finds a nonlinear behavior of his first detector 

(Fig. 4) but, rather than mentioning that such nonlinearity is 
of fundamental importance because it precludes the experimental 
demonstration of the wave-particle duality for photons, he 
explains it as a "...change in the efficiency with which the 
electron beam discharges the target". Jeffers does not realize 
that any justification of the nonlinearities is irrelevant 
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because, in order to unequivocally prove the wave-particle 
duality hypothesis for single photons, the nonlinearities have 
to be absent at very low light levels, otherwise the hypothesis 
remains at the "status quo ante" namely as a hypothesis not 
directly and conclusively verifiable through an experiment. 

2. To operate a photomultiplier without cooling is an invitation to 
stay in its linear regime, because the noise is so high that 
necessarily one has to use a high intensity light source in 
order to see a signal. Clearly, cooling the photomultiplier 
involves some extra work and patience, which evidently was not 
available to Jeffers. 

3. Jeffers presents results that have been available for almost 40 
years. The linearity test of a photomultiplier in the range 
that he explored (see Fig. 6) can be found in any photomulti¬ 
pliers handbook (see "RCA Phototubes and Photocells - Technical 
Manual PT-60", 3rd ed. - The Macmillian Company, New York - 
1966, p. 64), which are in turn extracted from a famous paper by 
R.W. Engstron, J. Opt. Soc. Am. 37 , 420 (1947). He did not go 
beyond what was available forty years ago. Actually, his 
investigation of photomultiplier linearity stopped short by an 
order of magnitude from what was available forty years ago. In 
fact, he checked the linearity of his photomultiplier down to 
2xl0“® A, whereas such linearity has been verified down to ~10“® 
A (see Fig. 10 of my paper). I believe that my main contribu¬ 
tion in this field has been to extend the range of photomulti¬ 
plier analysis to extremely low light intensities and to re¬ 
discover and to assess the importance for the consequences in 
quantum mechanics of what was already known, namely that photo¬ 
multipliers behave nonlinearly at these intensities of light. 

4. Finally, it is misleading on the part of Jeffers to claim that 
he has worked in the same range of light intensities as nyself, 
when he uses as lowest photon flux 10® photons/sec into the 
detector, whereas I use 10® photons/sec, three orders of 
magnitude lower than his photon flux. It is the photodetector 
that presents problems of nonlinearity, not the interferometer. 

De Martini. I think the methods of measurements of Jeffers are 
completely different from those of Panarella. Panarella is using a 
photomultiplier and you are using a different apparatus. 

Jeffers . In the last experiment I used a photomultiplier. 

De Martini. But you must have nonlinearities as soon as you arrive to 
the photon counting regime. You are going in fact to detect single, or 
very few photons. 

Jeffers . This is true, if you are to detect a photon or not. Either the 
electron is released or not in this case. But if you have a flux of 
photons that changes, the average current generated on the photocathode 
will be linear with the flux. 

De Martini . But there is certainly one region in which you approach the 
photon counting regime from the very large number of electrons regime. 

This is Panarella*s region. I believe in what Panarella said because it 
should be un-physical if it were not like that. One is passing through a 
regime of intersection between photon counting and intensity measurements. 

Panarella. Clearly, these are two different regimes. 
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1.INTRODUCTION 

There is an irony about the article of Einstein, Podolsky and 
Rosen 1 . It contains the most fundamental criticism ever made of quantum 
particle mechanics: that it is non local. It says nothing about quantum 
field theory, yet almost all the experimental attempts to demonstrate 
quantum non locality axe based on pairs of electromagnetic signals 2-8 . 

In the widely accepted "analysis” of these experiments the signals are 
treated as equivalent to the particles of the E.P.R. article. For the 
best known of the E.P.R. authors this would have been a natural enough 
assumption. He, after all, invented the "light quantum", later to become 
the "photon", and apparently never doubted the validity of that concept. 
But we have learned that semiclassical radiation theories of various kinds 
can explain not only the photoelectric effect**, for which Einstein 
invented the quantum theory, but also such diverse phenomena as the Lamb 
shift 8 , the Casimir effect 8 and super—Poisson distributions of 
photoelectrons ("photon bunching". We do not have to assume that 
quantum electrodynamics has the last word on the nature of light. We do 
not have to assume that the "photon" is an E.P.R. particle. 

Among the classic articles on the Bell inequalities, I believe that 
Clauser and Horne*s 11 is the clearest. If you examine it carefully you 
will even find in it the point (footnote 23) at which semiclassical 
radiation theories interveneThe biggest contribution of these authors, 
however, was to give us the concept we must have if we are to make a local 
realist analysis of the cascade coincidence experiments: the concept of 
enhancement . 

Although this is not a philosophical article, I should make clear my 
philosophical position. I believe, along with Einstein 12 , that an 
"analysis" which is nonlocal cannot be scientific and therefore is not 
really an analysis at all. That is why I used inverted commas in 
referring above to the widely accepted "analysis". If I were to be 


* On study leave from Dept, of Mathematics, University, Manchester M13 9PL 
Note, however, that Clauser and Horne were not correct in stating that 
semiclassical radiation theories all satisfy the hypothesis of no 
enhancement. This is, in fact true only of those semiclassical theories 
which exclude the possibility of a real zero-point field. 
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consistent I would henceforth not put in the words "local" and "realist" 
when referring to my analysis, because local realist analysis is the only 
analysis. However, the debased state of the scientific culture after 
sixty years of Copenhagen dominance is such that it will be necessary to 
keep these two words in as a constant reminder. 

The contribution of semiclassical radiation theory to the discussion 
of E.P.R. will be to show how the, at first sight, implausible idea of 
enhancement may be given a natural esqplanation in relation to the light 
signals of individual atoms. We shall see that the particular type of 
semiclassical theory which achieves this connection is stochastic 
electrodynamics. It is the modern version of Planck's second theory and 
is what Planck 13 and Nernst 14 used in their energetic attempts to oppose, 
in its infancy, the light quantum hypothesis of Einstein. This is the 
irony of E.P.R; in order to carry through the criticisms made by the 
mature Einstein against quantum theory, we have to reject the most 
"revolutionary" idea of the young Einstein, and concede that the 
"conservatives" Planck and Nernst were correct. 

But now that all the positions of power in physics are occupied by 
supporters of the Copenhagen school, such labels are misleading. What we 
now find is that the insistence on local realist analysis, initiated by 
Einstein, Podolsky and Rosen, results in a thorough reinvestigation not 
only of the cascade coincidence esqperiments, but eventually of all the 
evidence, from 1905 to the present day, purporting to establish the 
reality of photons. Viewed in this way, the ideas of the mature Einstein, 
as reflected in the E.P.R. article, are far more revolutionary than those 
of the young man who wrote the article on the photoelectric effect. 


2.STOCHASTIC LOCAL REALISM AND THE NEED FOR ENHANCEMENT 

Let us study the diagram of the E.P.R.B. experiment (Fig. 1). We 
write "E.P.R.B.", because it is based on an improved and simplified form, 
devised by David Bohm, of the E.P.R. experiment. 

The source emits a succession of pairs of signals, one red and one 
green (see footnote overleaf)*. Each pair is normally assumed to be 
independent of its predecessors, and any given pair is "assumed" to be 
specifiable by a set of random variables A. This latter "assumption" is 
that of realism and, within the local realist analysis, is no assumption 



source 



pair of 


light signals (X) 


es 



polarizer-detector B 


FIG.1 * Diagram of E.P.R.B. experiment. 
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at all. The polarizer-detector A is fitted with a polarizer of variable 
orientation © A , and B has a similar one of orientation e B . it is 
"assumed” that A registers the arrival of the red signal with 
probability Pi(© A ,X), and that B registers, independently, the arrival 
of the green signal with probability P 2 (©B/M* These "assumptions" are 
all consequences of locality and, within the local realist analysis, are 
not assumptions at all. 

It now follows that the singles rate, R^, of registrations at A 
is given by 

Ri/Ro = Pi = J P(M Pi<e A ,\)ax, (2.i) 

where Rq is the rate at which pairs are emitted, and p(X) is the 
probability density of the signal variables. The singles rate, R 2 , at 
B is given by a similar expression, while the coincidence rate, R 12 / is 
given by 

r 12/Rq = Pl 2 ( e A"" e B) ® J P(M p l( 0 A'M P 2 ( 0 B'M dx * ( 2 . 2 ) 

The assumption that p^ and P 2 are independent of © A and © 3 , while 
Pl 2 is a function of the difference between these angles, is a natural 
consequence of rotational invariance, and is well verified experimentally. 

Now according to quantum theory 2 the probability p^ may be 
factorized into the probability of the red "photon" passing the polarizer 
times the probability of its activating the detector. If the polarizer is 
ideal and the detector efficiency is r)i/ this gives 

Pi = f hi (2.3) 

with a similar expression for P 2 . Also the probability p 12 factorizes 

Pl2( 0 A“ 0 B) = hih2 c ll2( 0 A” 0 B) ' where (2.4) 

^12( e A“ 0 B ) ~ \ COS 2 (© A -© B ). (2.5) 

Equation (2.4) is interpreted as follows: p^2 is the joint probability of 
a pair of "photons" both passing their respective polarizers and both 
being detected; since it is considered that the processes of passing the 
polarizers and of being detected are independent, we may regard q ^2 as 
the joint probability that a pair of photons both pass through their 
respective polarizers. 

If we accepted the italicized clause we would say that there existed 
probabilities Qi(© a ,M and Q 2 (©B/M such that 

J Qi(e A ,A)p(A)dX = J Q 2 (©B,MP(M< 3 X = ’2, 

c ll 2 ( e A»®B) = J P(M Ql( e A' ^)Q 2 ( e B' A ) dx - ( 2 . 6 ) 


Not all versions of the E.P.R.B. experimentuse visible light signals. 
The Stirling 6 uses signals in the near ultraviolet and the 
versions based on signals from positronium annihilation 2 use gamma 
rays. There is no problem about extending our analysis to the first 
of these, but the second type cannot 15 be made a basis for a test of 
the Bell inequalities because of the need for supplementary 
assumptions even more ad hoc than that of no enhancement. 
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Clauser and Horne 11 showed that, with qi£ given by (2.5), no such 
probabilities can exist for any p( X) and this is the modern form of the 
E.P.R. "paradox". 

Within the local realist analysis there is no paradox; we simply 
infer that the right hand side of (2.5) cannot be a joint probability and 
therefore that the above Italicized clause is incorrect. 


Now for the experimental evidence. It is well verified that, after 
making some fairly small corrections for the imperfection of real 
polarizers, p lf P 2 and pi 2 do indeed satisfy (2.3), (2.4) and (2.5). 
However, this does not invalidate the conclusion we have just reached, 
because in contrast to ( 2 . 6 ), it is not at all difficult to find 
probabilities P^ and P 2 and a probability density p such that ( 2 . 1 ) 
and ( 2 . 2 ) are satisfied. 


Here is the simplest such model I know of 16 : 

P(X) = -(0<X<tt) 
n 


p l( e A'M 


and 


hi (IX- 0 A | < rr/4) 

.0 (TT/4 < IX - e A | < TT/2) 

and p i( ©a + tt r X) = Pi(© A fX), 

' 1 zfrn 2 cos( 203 - 2 X ) ( | X- 031 < tr/4) 

p 2( ^B' X ) * 

.0 (it/4 < |X - 0 B | < rr/2) 
p 2( 0 B + = P2(©B'X). 


(2.7) 


( 2 . 8 ) 

(2.9) 


( 2 . 10 ) 

( 2 . 11 ) 


This example shows clearly, the difference between (2.2) and (2.6). The 
quantities Qi and Q 2 could be defined as 

Ql “ p l/hlf Q2 ” p 2/h2' (2.12) 

but then, although ( 2 . 6 ) would be satisfied, we could not interpret Q* 
as a probability, because 

Q2( 0 B' 0 b) ” Tr /2 > 1. (2.13) 

There is, however, no difficulty about interpreting P^ as a probabiltiy 
because 'znr\ is appreciably less than one for all existing optical 
detectors. 


The property demonstrated by (2.13) is a general one which, following 
Clauser and Horne, we shall call enhancement. These authors showed that 
any local realist model satisfying an additional condition called "no 
enhancement" s 

p l( 0 A' X) * p i(oo,X), P 2 ( 0 B'X) « p 2 («>' X), (2.14) 

where " 00 " indicates that the polarizer part of the polarizer-detector 
has been removed, must satisfy a Bell-type inequality which is both 
violated by quantum theory and refuted by the experimental evidence. The 
above model has 

P 2 (oO,X) = r)2, P 2 (X,X) = 1 zrrr )2 (2.15) 

so the second of (2.14) is not satisfied. There are some signals for 
which the detection probability increases when a polarizer is placed in 
front of the detector. This is enhancement. In order to make further 
(local realist) progress, we must say that the experimental evidence 
establishes enhancement as a definite physical phenomenon. The task which 
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now has to be undertaken is to find a satisfactory explanation of this 
phenomenon and to relate it to other phenomena. 

A general point should be borne in mind concerning the stochastic 
theory of the following sections, and this is that we should not (within 
the local realist programme) be seeking to reproduce all the predictions 
of the quantum theory, but only those predictions which have been 
experimentally verified, and even then agreement Is only to be expected 
within the experimental errors. It is often overlooked that these errors 
are in some important cases quite substantial, and also I believe 17 
that insufficient attention has been paid to the statistical theory 
required to evaluate the experimental data correctly. These remarks are 
especially pertinent when we are dealing with orientations for which 
quantum theory predicts zero or near-zero values, for example 
(© A -©B) = rr/2 in (2.5). 

3.THE REAL ZERO-POINT FIELD - STOCHASTIC ELECTRODYNAMICS 18 

The real zero-point field was proposed by Planck in 1911 13 in 
opposition to Einstein’s light quantum hypothesis. The latter dates from 
1905, but it did not become dominant until after Einstein’s paper on 
spontaneous and stimulated emission in 1917 13 , where he argued that the 
light quanta have definite values of momentum as well as energy. The tern 
which Elinstein used at that time to describe the light quanta was ’’needle 
radiation” (Nade 1st rah lung). I shall try to show that the modern version 
of Planck's theory has now evolved to the point where it can assimilate 
this idea of Planck’s young opponent. Such a development offers the 
possibility of incorporating quantum optics 20 , with its whole aparatus of 
"photon-counting" distributions, into a stochastic classical theory based 
entirely on Maxwell's equations, thereby avoiding completely the need for 
field quantization. 

Note that although this implies a kind of reconciliation between 
Planck's classical field and Einstein's light quanta, it does not admit 
the idea of the photon as any kind of a particle. The needle may look 
like a particle when viewed along its direction of travel, but looked at 
from a lateral direction it is certainly not a particle. It has a length 
of about 30 nanoseconds (the lifetime of a typical atomic excited state) or 
10 metres. This means that, with modern photodetectors having resolving 
times of less than one nanosecond, we should be observing fractions of a 
photon. According to the analysis of stochastic electroydnamics and its 
offshoot, stochastic optics 21 , the "split photon" is precisely what we 
are seeing when we observe the phenomenon currently classified as f/ photon 
antibunching" 22 . Indeed, this is the type of phenomenon to which we 
must transfer our attention after we have explained enhancement. However, 
in the present article we shall limit ourselves to understanding 
enhancement and relating it to one other time-independent phenomenon. 
Readers interested in the time-dependent analysis must consult reference 21 * 

The real zero-point field 23 ” 27 has a vector potential represented 
by 


A(r,t) = V 1 * Z Z c(>i/2a)) l2 [a,k, A )e(k, A)e ~ 

M (V ^ IV <V M 


ik. r-iwt 


+ 


+ a*(k. 


A) «= (k,A)e 


•ik. r+io>t 


(3.1) 


where V is an (arbitrary) normalization volume, c the speed of light, 
}i a constant, e(k,A) a (polarization) unit vector, A = 1,2, and a(k,A) 
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complex, Gaussian, independent random variables, each with zero mean and 
random phase, the variance being 

<a(k,A)a*(k,A)> = (3-2) 

Such a field has an energy density per unit frequency interval 

p( u>) = )rfu> 3 /( 2 tt 2 c 3 ) . (3.3) 

This field has been shown to be (a) Lorentz invariant (b) spatially 
isotropic in all Lorentz frames (c) invariant under adiabatic compression 
and (d) invariant under scattering by a dipole oscillator moving with 
arbitrary constant velocity. It is the only field possessing all of these 
properties, except that the constant }i is arbitrary. Several quantum 
properties manifest themselves when certain material objects are immersed 
in this field, provided is given its normal quantum theoretic value 
(Planck's constant divided by 2tt). 

The objects most extensively studied in stochastic electrodynamics 
have been the charged harmonic oscillator, the free particle, and 
macroscopic dielectrics. The first of them is by far the simplest, because 
it interacts with a narrow band of frequencies of the zero point field. 

One finds that an equilibrium is established, in which the radiative loss 
due to the oscillating particle's acceleration is balanced by the energy 
it picks up from the zero-point field. The joint position— momentum 
probability density is precisely the Wigner distribution for a quantum 
harmonic oscillator in its ground state. Furthermore, if we suppose that 
the zero—point field in a cavity at temperature T has a spectrum which 
is the sum of (3.3) plus the Planck spectrum, we obtain the Wigner 
distribution for the appropriate mixture of excited states. 

Although both the position and momentum distributions for the above 
systems are therefore apparently "correct" according to quantum mechanics, 
the same cannot be said for any of the other common dynamical variables. 

For example, while the energy has its"correct" mean value, at zero 
temperature, of ^u), this quantity has a nonzero dispersion. Similarly, 
while all the compnents of angular momentum have zero mean, their mean 
squares, and hence the expectation value of the quantity L 2 , are not 
zero. There is therefore no possibility of establishing complete 
equivalence with the quantum formalism. Nevertheless, such "incorrect" 
results may help us to improve our understanding of the system. For 
example, if we add a uniform magnetic field, we find that the contribution 
to the magnetic moment arising from the nonzero value of L 2 gives 
precisely the diamagnetic susceptibility of a harmonic oscillator. This 
solves a rather old problem in classical statistical mechanics, known as 
the Bohr-van Leeuwen theorem, according to which diamagnetism is 
impossible. Through the study of the free particle in stochastic 
electrodynamics it has also been possible to obtain the correct 
expression for the Landau diamagnetism of free particles. 

The other body of results in stochastic electrodynamics has resulted 
from a study of macroscopic dielectrics. The simplest system of this type 
is a pair of parallel conducting plates. Because of the new boundary 
conditions on the zero-point field imposed by the presence of the plates, 
there is a change in the total field energy, resulting in an attraction 
between the plates. This is known as the Casimir effect. It may be 
regarded as a particular example of a long-range van der Waals force, and 
a similar treatment may be carried out using plates of other shapes and 
dielectric properties. Although the calculations resemble closely the 
corresponding calculations based on quantum electrodynamics, it is fair to 
say that many workers in this area recognize the extra depth of 
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understanding provided by the stochastic interpretation of the formalism. 


We can point then to some insights provided by the assumptiqn of a 
real zero-point field. However, it must be admitted that, compare# with 
some expectations among the originators of stochastic electrodynamics, 
including myself, the theory has failed. It gives a qualitative 
explanation for the stability of atoms, and indeed it is possible to show 
that the hydrogen atom has more or less the correct size in the theory. 

But it gives no explanation for the sharp line spectra. Similarly while 
there exist several arguments for the P,lanck-plus-zero-point spectrum in a 
cavity at nonzero temperature, the problem of the equilibrium between 
matter and radiation still retains some anomalous features known from the 
earliest days of quantum theory. 

The success of stochastic electrodynamics in the interpretation of 
the Casimir effect, and its failure in the hydrogen atom, suggest that the 
theory of emission and absorption of radiation needs some modification, but 
that the interaction of radiation with macroscopic bodies is the same as 
predicted in classical electrodynamics, except for the presence of the 
real zero-point field. This has led us to develop stochastic optics: the 
theory of phenomena involving electromagnetic radiation as it interacts 
with macroscopic bodies, without attempting to give a microscopic theory 
of these interactions, but including the zero-point field. We shall not 
include phenomena involving radiation of long wavelength simply bgc^use 
these can be studied by purely classical theory (The zero-point field is 
negligible according to (3.3) in this case). 

We also do not include radiation with short wavelength because it 
cannot be considered to interact collectively with macroscopic bodies. 

Then we are left with visible, near infrared and near ultraviolet 
light, which is just the domain of optics. 


4.THE ATOM AS BLACK BOX - STOCHASTIC OPTICS 28 

Although we r do not pretend to know exactly how the atom interacts 
with electromagnetic radiation, we can say that, in stochastic optics, no 

“.*C- ^ 

emission of radiation is really spontaneous; rather we may regard a 
"spontaneous” emission as one which is stimulated solely by the zero- 
point field. With only this knowledge, however, we obtain a qualitative 
understanding of the needle radiation. If we assume that the amplitude of 
the outgoing spherical wave from the atom is of the same order of 
magnitude as that of the (plane) components of the zero-point field 
stimulating it (see Fig. 2), then the two waves will interfere 
constructively over only a small part of their common wave front. 

The range of angles in whi@h the signal has an intensity appreciably 
greater than that of the zero-point field is given by 

R( 1-cos 0) < *z\ = rr/k. (4.1) 

For R = 1 m and X = 500 nm, © is about 10“ 3 radians, becoming less 
as R increases. 

Now for the action of the photodetector. (In this term we 
include not only the sophisticated photomultiplier tube, but also the 
humble photographic plate.) We will assume firstly that the detector 
reacts only to a very narrow range of frequencies, of the order of a 
natural linewidth, at a time, and secondly that there is an intensity 
threshold, somewhat higher than the zero-point intensity, below which 
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no activation occurs. For a fuller discussion of these two assumptions 
see Reference 21 . 

With these assumptions it is possible to model the signal as a 
plane wave with fixed amplitude /3, two polarization variables (©,4>) 
and a phase variable ty. These latter three are taken to be random 
variables with probability density* 

p(e,4>,vp) = cos24>/( 2 t r 2 ) 

(0 4 9 < rr, - 2tt). (4.2) 

4 4 

A signal with these values of (e,4>,vp), propagating in the z-direction, 
has the electric vector 

E x = Re[/3e it,)t+lv ^(cos © cos 4> + i sin © sin 4>)], 

E y = Re[0e ia>t+i ^( -sin © cos <J> + i cos © sin 4 >)]> 

E z - 0. (4.3) 

For times less than the natural lifetime (~ 30 ns) of the atomic transition, 
the variables (©, 4>, vp) are well defined. We propose that the photo¬ 
detector, through a mechanism not yet understood, can be sensitive, at 
any given time, only to a narrow range of frequencies of the order of the 
reciprocal of this lifetime. It follows that the relevant part of the 
zero-point background may also be modelled by an electric vector like (4.3), 
except that is different. We shall choose units such that, for the 
background, /3 - 1, and write its electric vector as 



FIG.2: Superposition of an incoming plane 
wave and an outgoing spherical wave 
to give needle radiation. 


* The density introduced in (4.2) has been shown^® to be invariant 
under the action of half- and quarter-wave plates, or indeed of a 
plate which, in (4.3), changes the phase of E y by an arbitrary 
amount oc. 
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Ex - Re[e i0) ' t+iv ^ f (cos ©' cos 4>* + i sin ©' sin <J>' )], 

Ey = Re (-sin ©' cos <$>' + i cos ©' sin <t>*], 

Ez - 0, (4.4) 

where the set (©', 4>', ^') has the probability density (4.2) and is 
independent of (©, $, vp). 


The modelling of a polarization by a pair of variables representing 
elliptical polarization is, of course, standard in classical optics 29 , 
but has been rare 30 up to this point in discussions of the Bell 
inequalities. I would say that,in general, the attempt to study realist 
alternatives to the quantum description of coincidence data for photon 
counting has been somewhat half-hearted. The quantum description of an 
atomic light signal does not allow it to have a well-defined relative 
phase for two perpendicular directions of polarization, but this is by 
no means the case for the realist alternative. For anyone familiar with 
macroscopic optics there is nothing "hidden” about the variables (©,4>,vp). 


Now when the signal (4.3) is incident on a photodetector, we will 
assume that the probability of activation in a time interval w is given by 

Prob. (activation) = a(2E 2 - y)w, (4.5) 

where the bar denotes time averaging, a is an efficiency parameter, and 
y is a threshold level. This latter quantity certainly has to be greater 
than one, in order to exclude the possibility that the detector is 
triggered by the zero-point field alone. Then, since our model has a 
fixed signal amplitude, the activation probability for an unanalyzed 
signal is 

Prob (activation) = oc( /3 2 -y )w (unanalyzed signal). (4.6) 


We now consider what happens when an ideal beam splitter is 
interposed between the source and the detector. The situation is 
illustrated by Fig. 3, where it will be seen that the interference of 
the signal E with the zero-point field Eq results in a randomness 
in the amplitudes of the transmitted and reflected signals. 

The transmitted and reflected signals will be 

E t - 2~\E + E 0 ), E r = 2~'* (E - E 0 ), (4.7) 


where E and En are given by (4.3) and (4.4). 

It is now possible to see how the interference of the signal with the 
zero—point field causes the characteristic "all-or-nothing" behaviour for 
the detection rates in the two channels, usually thought to prove the 
particle nature of light. The signal-to-noise ratio, /3, must be greater 
than one, but if it is not much greater it may result that only one out 
of the transmitted, and reflected signals has an intensity above the 
threshold y. To take account of this possibility we should modify 
(3.5) for the t-channel to read 


Prob.(activation) = a(2E^ 2 - y) w, (4.8) 

T 

with a corresponding expression in the r-channel. Here the notation 
( )+ means that we put zero if the bracket is negative. 



A detailed calculation of the counting rates, and N r , in the 

t- and r- channels, and of the coincidence rate, N c , has been made in 
Reference 21 , It involves an averaging over the sets ( 6 , <J>, vp) and 
(©', <t>', ), using the weight function (4.2). Here we give only the 

results of this calculation. Denoting by Rq the number of signals, 
assumed well separated, emitted by the source per second, we obtain 


N r = N t = pc/3RqWtt —1 



sin ©' cos ©' d©'( £ + cos ©' cos vpi),, 

+• 


N c = a 2 /3 2 RoW 2 7T 1 



(4.9) 

sin ©' cos ©' d©' ( £ 2 - cos 2 ©'cos 2 vpi) , 

“T" 


(4.10) 

where £ - /3" 1 ( 1 z/3 2 + ^ —y). (4.11) 

The quantity measured in a recent experiment 31 to exhibit the particle 
nature of light is* 


RqN c 

N^Nt 


(4.12) 



FIG.3s The action of a beam splitter on a signal E. 

Al 

The signal is split and mixed with the noise 
component Eq to give the reflected and 
transmitted signals E r and Et 


* More precisely a', defined by (4.12), is a function of w, because 
(4.9) and (4.10) should be corrected to take account of the 
possiblity that the signals from two or more atoms overlap. When 
(4.9) and (4.10), in their present, uncorrected form, are substituted 
in (4.12), both Rq and w cancel out and we obtain the value of a' 
for the limit w = 0. For details see reference 21 . 
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Table 1 


/3 

y 

a* 

1.511 

1.642 

0.000 

1.5200 

1.500 

0.013 

1.550 

1.375 

0.072 

1.570 

1.327 

0.111 

1.600 

1.275 

0.164 

1 * 630 

1.235 

0.212 


In Table 1 we give values of a' for a range of values of /3. The 
threshold y is adjusted to make the value of N-t equal to 
1/2 a Rqw (/3 2 -y), that is one half of the counting rate in the undivided 
channel, as given by (4.6). In a purely wave theory of the type we are 
considering, we would not necessarily expect this to be satisfied exactly, 
but I suspect that, because it "obviously" is satisfied in the photon 
description, nobody has yet checked it experimentally. For /3 < 1.511 
we obtain the "all-or-nothing" behaviour, that is a* « 0, and as 
/3 — oo we obtain the value, a' =1, normally described as "classical". 
We now see that this latter behaviour, which excludes the possibility of 
a real zero-point fied, is more accurately described as "deterministic 
classical", and that the model of stochastic optics, which is fully 
classical, allows for all values of a' between 0 and 1. 



FIG.4: Recombination experiment. From an incoming 
signal (I a ) and the relevant part of the 
zero point field (lb), two waves are produced 
(I c and I^) in a beam splitter (BSl). 
Another beam splitter (BS2) recombines the 
waves reproducing exactly the initial 
intensities if the waves arrive in phase. 
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Grangier, Roger and Aspect 31 , the authors quoted above, also 
showed the wave nature of light, by recombination of the transmitted and 
reflected signals (see Fig. 4). In a purely wave theory such as ours, the 
existence of interference fringes is not at all problematic; the major 
problem is the particle nature discussed above. What may seem remarkable 
is that these authors obtained a very high (> 98 per cent) fringe 
visibility. Since a beam splitter causes, as we have seen, some fuzziness 
in the values of N r and N-t, which, for /3 > 1.511, is manifested in a 
nonzero value for N c , it may appear that a second beam splitter would 
add further fuzziness. Reference to Fig. 4, however, shows that the 
incoming signal and noise are perfectly reproduced in the outgoing channels 
of the second beam splitter, if the path lengths are equal. This is because 

all the "relevant” modes of the zero-point field are contained in E and 

_ 

E 0 . No additional zero-point noise enters at the second beam splitter. 

The hundred-per-cent fringe visibility is therefore a consequence of the 
time-reversible property of Maxwell's equations. 

We have explained both the "wavelike” property of recombination and 
the "particlelike” property of anticorrelation using a purely wave model 
in both cases. The zero—point, or sub-threshold field plays a crucial 
role in the explanation of particle behaviour. Now we see, through the 
analysis of recombination, that, although one of the signals or E r 

is, with high probability, sub-threshold, it nevertheless carries "latent 
order” 32 which becomes manifest when the two signals are recombined 
at the second beam splitter. A term used by some advocates of wave- 
particle duality 33 for the sub-threshold signal is that of "empty 
wave", but we believe that our understanding of the phenomenon is greatly 
improved by the knowledge that this wave is not empty; it carries energy 
and does not differ qualitatively from the wave said to be carrying the 
photon in the other channel. 


5. THE MECHANISM OF ENHANCEMENT 

As we indicated in Section 2, enhancement is a property of linear 
polarizers. This means that the detection probability of a signal 
(e, 4>, vp) may be increased as a result of its interaction with a 
linear polarizer of orientation ©^, for certain values of these four 
variables. We shall now show that the property receives a natural 
explanation when we take into account the interference of the signal 
with the zero-point field at the polarizer. 

There is some similarity between the actions of a polarizer and 
a beam splitter. Indeed the latter may also be said to exhibit a form 
of enhancement. Following the analysis of Section 4, a signal E, 
having amplitude /3, is transmitted as 2” 1z (E + Eq), where Eq has 
unit amplitude and random phase relative to ~E. ~Then, for js < 2 %z + 1, 
there are some phases for which the amplitude of the transmitted wave 
exceeds that of the incident wave. 

However, in the case just considered there is no enhancement when 
we average over the noise variables. We shall find that the corresponding 
interaction with a polarizer can give enhancement even after taking this 
average. Only after averaging over both noise and signal variables does 
the transmitted signal have an intensity less than the incident signal. 

Referring again to Fig. 3, if the device is a perfect linear polarizer 
with its axis in the x-direction, then a signal E is converted into a 
transmitted signal E-t and a reflected signal E^, where 

A# M 
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E-fc — (E x , EQy) , E r — (Eq x , Ey). 


( 5 . 1 ) 


In this case it is convenient to use a different representation of 
the elliptical polarization. We write 

E x = /3 cos ©'cos(u>t + vpi), (5.2) 

Ey = /3 sin e , cos(o>t + v|/ 2 ), (5.3) 

E z = 0. 

This has been shown 21 to be equivalent to (4.3), the corresponding 
probability density being 

p(0 , / vl/!, vp 2 ) = sin 2e , /(4tr 2 ), 

(0 <04 tt/2, 0 < *!>!, vp 2 < 2 it). (5.4) 


Then the counting rates in the transmitted and reflected channels are 


N t = N r = OCRoW \l /Z sin 2e . de . [ U/2 sin 29"d9" . 


Jo 

. ( /3 2 cos 2 © * + sin 2 ©' 
and the coincidence rate is 


JO 

Y) 


N c = cx^RqW 


2 t >_,.,2 f n / 2 


Jo 


sin 2©"d©" 


(/3 2 cos 2 © ' + sin 2 ©” - y) (/3 2 sin 2 ©' + cos 2 ©” - y) . 

T T 


(5.5) 


(5.6) 


Corresponding to equation (4.12), we may define the "Grangier parameter” 
for the perfect polarizer 


a, 


Rq n c 


p N r N t ' 


(5.7) 


and the efficiency parameter 


2Nj 


e P 


ocRqW( /3 2 -y) 


(5.8) 


In Table 2 we give values of <Xp and <=p for the same values of /3 and 
y as were used, for the beam splitter, in Table 1. Recall that, for 
each /3, y was chosen such as to make the beam splitter efficiency 
exactly one. 

It will be observed that, in the range 1.511 < (3 < 1.63, the values 
of €p and ap do not differ from those of e and a' by more than 
5%. We shall see, in the next section, that the range of values of /3 
allowed by stochastic optics is in fact rather smaller than this, and, 
for the allowed subrange, the parameters for the two devices agree to 
within 2%. 

The phenomenon of enhancement is exhibited very clearly in equation 
(5.5). The intensity of the transmitted beam is 

I t = /3 2 cos 2 © ' + sin 2 ©”. (5.9) 

Not only do there exist values of (©',©") for which this is greater 
than the incident intensity of /3 2 ; an average of 1^ over the noise 
variable ©” gives 
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Table 2 


/3 

y 

€ P 

a P 

a 

1.511 

1.642 

.947 

.000 

.000 

1.520 

1.500 

.962 

.014 

.013 

1.550 

1.375 

,979 

.076 

.073 

1.570 

1.327 

.986 

.115 

.111 

1.600 

1.275 

.994 

.164 

.164 

1.630 

1.235 

1.000 

.208 

.212 


It = 0 2 cos 2 ©* + 1/2, (5.10) 

and this also is greater than /3 2 for some values of ©' . 

This explanation of enhancement was given, essentially, in my 
report to the Urbino conference in 1985 28 , where it was attributed to a 
property of the signal called superpolarlzatton. This arises because 
the signal has the same polarization both above and below the "sea” of 
zero-point radiation. Hence both of these parts carry a Malus law factor 
of cos 2 ©' in (5.10), so that for small values of ©*, the addition of 
the noise through the action of the polarizer gives enhancement. 


6.COINCIDENCE COUNTS IN ATOMIC CASCADES 

With the theory of stochastic optics, developed in the last three 
sections, it is now possible to see how the pattern of coincidence counts 
observed in the atomic-cascade experiments receives a natural (local 
realist) explanation. 

Referring to Pig. 1, the set of pairs of signals should, according 
to stochastic optics, be described by a probability density 
p(e R , <|> R , v|ar, © g , <J>g, v|/ g ), where (© R , 4> R , vj^) are the polarization 
and phase variables of one light signal (which we call "Red") and 
(© G , 4> G , ^g) are corresponding variables of the other ("Green*) 

signal. For a 0-1-0 cascade of the type used in most experiments, we 
shall find that the data obtained axe consistent with the assumption 
that © R - ©g, 4>r — 0G' 4>r = ^G' while for the 1-1-0 cascade the 
corresponding assumption is © R = © G + — , 4 >r - 4> G , v!/r = vJ/ G . Thus we 
may consider that X s (© R , <t>R/ vj^), which means that we assume perfect 
correlatton for the two emitted signals. The density p( X ) is now 
completely determined by the symmetry considerations of Section 4 and is 
given by (4.2), that is 

p( X )dX = de^^dvj^cos 2<|> R /( 2rr 2 ) . (6.1) 

Consider now the detection rates, pi and P 2 * With the polarizers 
removed we may use expression (4.6) 

P 1 (oo,X) = a 1 (/3 2 -y)w, (6.2) 

P 2 (oo, A)= a 2 (P 2 -y)w, (6.3) 
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where we are assuming that the parameters /3 and y are the same for 
both signals. With a polarizer in place, is given essentially by 

(5.5), but it is now convenient to express it in terms of the 
(e, <t>, vp) - rather than the (©', vpi, vp 2 ) - representation: 

p l( e A,M “ a l w Jq /2 sin 2e ' d0f * 

• [7 /3 2 {1 + cos(2©r - 2©a)cos 2«J)r) + sin 2 ©' - y] . (6.4) 

A similar expression is used for P 2 (©B'M/ the noise variables at the 
two polarizers being independent random variables. The integration in 
(6.4) is straightforward, and the double integration which follows when 
(6.1) and (6.4) are substituted in (2.2) may be performed numerically 21 . 
Note that we have already calculated the right hand side of (2.1) by the 

simpler procedure of Section 6 , finding, for values of /3 between 1.511 

and 1.63, a result very close to the experimental one, namely (see the 
values of in Table 2) 

Pl( 0 A) - V 2 Pl(«>)- (6.5) 


The quantity measured in the one-channel coincidence eaqperiments is 


r 12( e A" e B> 


%2(^A/^B ) 
Rl2(oo,co) 


( 6 . 6 ) 


and it has been shown 16 that, for models of the type we are considering, 
the predictions for two-channel experiments 5 may be obtained from this 
same function by essentially the same arguments as are used in the 
quantum analysis 2 ' 3 . in Table 3 we give, for various values of 
<x = (©a~©b) and for the same values of (3 as in Tables 1 and 2, the 
predicted values of ri 2 («). We give also, for comparison, the quantum 
value of r 12 for ideal polarizers (see ( 2 . 5 )). 



Table 

3 - Values 

of 

r l 2 (°0 


/3\oc 

0 

tt/8 

TT/4 

3TT/8 

rr/2 

1.511 

.537 

.422 

.201 

.049 

.009 

1.520 

.500 

.407 

.217 

.070 

.020 

1.550 

.472 

.396 

.232 

.092 

.040 

1.570 

.462 

.391 

.238 

.102 

.050 

1.600 

.451 

.387 

.243 

.113 

.061 

1.630 

.443 

.383 

.247 

.122 

.071 

Ideal quantum 

.500 

.427 

.250 

.073 

.000 


values 


The analysis I have given is for ideal polarizers, so, at the present 
stage, it is not possible to make a detailed quantitative comparison with 
experiment. Nevertheless, one striking feature of these predictions is 
that r(rr/ 8 ) - r( 3 tt/ 8 ) is greater than 0.25 for all values of /3 in the 
range we are considering. It has been established 2 ' 3 that, for any 
local realist theory without enhancement, this quantity cannot exceed 
0.25, and we have therefore shown explicitly how a model with enhancement 


217 



can violate homogeneous Bell inequalities. The difference between the 
present model and previous ones with the same property is that it is 
based on rather general proposals about the nature of the electromagnetic 
field. This makes it possible to design a very wide variety of 
experimental tests of the theory, which is what we now consider. 


7. SUGGESTIONS FOR FUTURE EXPERIMENTS 

As we indicated in Section 2, stochastic optics may esq?lain not only 
static experiments in which the light signals are analyzed with all kinds 
of polarizing devices and beam splitters, but also experiments which 
exhibit time-dependent effects such as photon antibunching. However, there 
is already enough material on the static phenomena studied in the last 
three sections to suggest a wide range of experimental tests. 

With respect to the attempted realizations of the E.P.R.B. experiment, 
the results of Section 6, show very conclusively that we now have not only 
ad hoc enhancement models violating the homogeneous Bell inequalities but 
at least one such model which is based on a general theory of the nature 
of the electromagnetic field. Actually there has been one other model 
of this nature 34 ' 35 , based on a wave-particle-duality theory of the 
electromagnetic field. 

The main difference between the predictions of the wave-particle- 
duality model and that developed here is that the former gives results 
in agreement with quantum optics for all "single-photon" esqperiments; its 
differences from quantum optics can, in principle, only be exhibited by 
experiments of the E.P.R. type. In stochastic optics we take the view 
that atomic light signals ("photons") can be divided. There is, for 
example, an energy-carrying wave in both the channels of a beam splitter, 
as we saw in Section 4. This means that predictions different from 
quantum optics may be expected in stochastic optics, even in the 
"single-photon" domain. 

One example of this is the different predictions for the intensity 
of an atomic light signal after passing through two linear polarizers 
in series, for which stochastic optics gives small but measurable 
deviations 21 from Malus* law. Rather interestingly the wave-particle- 
duality model predicts a substantial deviation from Malus' law in the 
case where two polarizers are used for one of the signals of a cascade. 

This has led to the setting up of a three-polarizer experimental test 
at Stirling 36 , but the results have so tar been inconclusive, owing to 
the large corrections 37 expected, both in the wave-particle duality 
theory and in quantum optics, due to quite small polarizer inefficiency. 
Such effects will also be very important in stochastic optics, as may 
be appreciated by noting that, for example, the pile-of-plates 
polarizers used by the Orsay group 4 pass 3% of the intensity of the 
"wrong" polarization, which means almost 20% of the amplitude. This 
will obviously leave considerable scope for superposition of the weak 
and strong polarization components at the second polarizer. 

There are two areas where the predictions of stochastic optics are 
rather more definitely at variance with quantum optics. The first of 
these may be seen by reference to Table 3, where it will be noted that, 
for all values of /3 listed, r(7T/4) is less than its quantum value of 
0.25. Of course, this quantity has already been measured 2-6 , but I do 
npt think the statistics are good enough to exclude all values of 0 
listed in Table 3. Nevertheless, I think that the values for /3 =1.511 
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and /3 = 1.52 can be so excluded. This has important implications for 
the anticorrelation experiment 31 discussed in Section 4, because it 
would now seem that, according to Table 1, the Grangier parameter a' 
is not less than 0.07. Emilio Santos and I have examined the evidence 
from this experiment, especially that part of it for which the 
accidental coincidences are minimized, and we have concluded 38 that the 
best estimate for a’ is about 0.06 with a 90% confidence interval 
0 4 or 4 0.17. This would seem to justify us in discarding the value 
j3 = 1.63 and concluding with some confidence that the parameter /3 lies 
somewhere between 1.55 and 1.60. Naturally, better statistics would make 
possible better estimates of both r(rr/4) and a’, with the possibility of 
eventually refuting either quantum optics or stochastic optics. 


8 . CONCLUDING REMARKS 

The business of science is to analyze, and to analyze is to 
separate 12 . To declare something "unanalyzable" 33 is to abdicate 
responsibility. But it also leaves open a great opportunity for scientific 
discovery to those who disregard the declaration. Those of us who have 
insisted on analayzing, that is separating, the action of two devices some 
10 metres apart (detectors A and B in Fig. 1), have discovered enhancement. 

I have tried to show, in collaboration with Emilio Santos, one 
possible way to push the analysis further. It involves disregarding at 
least two more such declarations. Light signals, even if they originate 
in a single atomic transition, have definite amplitudes and phases for both 
directions of polarization, that is a full set of Stokes parameters. If, 
according to the quantum description, that means they are in a simultaneous 
eigenstate of two non-commuting observables, then so much the worse for the 
quantum description. Furthermore the analysis I am suggesting indicates 
quite strongly not only that the "photon” is divisible, but also that two 
fragments of it can activate, indeed possibly have already been observed 
to activate, two separate photodetectors. 

There is some good esqperimental work for someone here. 
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NEO-HERTZ IAN ELECTROMAGNETISM 


Thomas E. Phipps, Jr. 

908 South Busey Avenue 
Urbana, Illinois 61801 (USA) 


In this talk — aimed at modernizing and rejuvenating elec¬ 
tromagnetic theory -- I shall be concerned (a) with new physical 
interpretations of some century-old mathematics (first published 
by Heinrich Hertz, but independently rediscovered by several 
modern investigators), (b) with the surprising implications for 
photon behavior, and (c) with needed experimental testing. 

Investigators interested in possible quantum violations will 
require no reminding that the most "quantum" process we know — 
the one whose characteristics first evidenced historically the 
existence of energy quanta — is the detection of light. The 
principal descriptor we have of light. Maxwell's equations, gives 
no hint of the existence of quanta (photons) — but has neverthe¬ 
less cast its shadow (field theory) upon all we claim to know 
about light. Perhaps we know less than we think we know. If any 
minds are opened to new possibilities in an unexpected direction, 
my talk will have achieved its purpose. 


DEFICIENCIES OF MAXWELL'S THEORY 

I came to an interest in electromagnetism indirectly, after 
many years of skeptical thinking about kinematics. As a result 
of my dissatisfaction with such aspects of the theory as the 
Ehrenfest paradox, I arrived eventually at the conclusion that 
special relativity is only half right. That is, it is right in 
its description of single particles and single worldlines, but 
wrong in asserting spacetime symmetry, 4-space metric structure, 
etc. — in short, false (or at best unproven) in all its 
relational assertions about worldlines in the plural. 

The outcome of my prolonged immersion in kinematics was an 
hypothesis regarding the invariants of that subject; namely, that 
those invariants are object length and particle proper time . 

This mixing of the old and new sacrifices the alleged symmetry of 
spacetime and neatly divides honors between Newton (to whom 
length was an invariant) and Einstein (the inventor of proper 
time). When I had reached this point in my studies I was forced 
to recognize that one cannot make a move in kinematics without a 
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matching move in electromagnetism — for the two subjects dove¬ 
tail precisely. Unsymmetrical length and proper-time invariants 
had somehow to be made compatible with electromagnetic theory — 
the origin and stronghold of spacetime symmetry. So, about six 
years ago, I turned to Maxwell's mathematics and began to look 
for soft spots that might reveal alternative theoretical 
possibilities. 

The first thing one notices about Maxwell's equations is 
that they are not — at the first order of approximation, 0(v/c) 
-- Galilean invariant. (Indeed, they are not invariant at any 
order under any known coordinate transformation.) The failure at 
first order is a most grievous fault -- for it is fruitless to 
seek "corrections" at second or higher orders to mistakes made at 
first order. A theory must be perfect at all lower orders before 
one is justified in giving any consideration to its higher-order 
refinements. This invariance flaw in Maxwell's equations was the 
cause of much distress to nineteenth-century experimentalists. 

For noninvariance meant (on the face of it) that the theory, as 
given, was first-order valid in only one "fundamental" reference 
system. Consequently, when one changed inertial systems, 
observable 0(v/c) effects such as optical fringe shifts were 
predicted and calculable, provided one knew the velocity of one's 
system with respect to the fundamental system in which Maxwell's 
equations were valid. This motivated the great nineteenth- 
century snark-hunt for an "ether wind." Though we laugh at them 
nowadays, the hunters were not crazy; they simply took Maxwell at 
his word, as he surely deserved to be taken. 


The fact that no first-order effects were observed meant 
that Maxwell's equations, which predicted such effects, were 
wrong at first order. Observe that I do not mince words about 
this. I state the only logical conclusion at which nineteenth- 
century physicists had any historical right to arrive. It was 
not until the twentieth century that artful dodges such as Min¬ 
kowski's "covariance" and the artistic covering-over of first- 
order errors with second-order flowered wallpaper made their 
advent. Why, then, did not nineteenth-century physicists forth¬ 
rightly draw this negative conclusion about Maxwell's equations 
and get to work changing those equations to make them first-order 
Galilean invariant? Well, one of those physicists — Heinrich 
Hertz — did just that. I will proceed to that part of my story 
in a moment. As for the rest of them ... well, perhaps in theme 
the Watergate cover-up was not altogether the invention of the 
twentieth century. 


Before turning to Hertz's work, let me mention a second flaw 
or clue to be found in Maxwell's equations. This one concerns 
parameterization. The basic physical elements of Maxwellian 
theory are (i) the field source, (ii) the field detector, and 
(iii) the system or "frame" of reference. The latter permits 
quantification of the location of the "field point" upon which 
the comoving "observer" fixes his attention. Of these the tangi¬ 
ble, material items are the field source and the field sink or 
detector. There really is no necessary ether in the theory, nor 
any all-pervading ectoplasmic "field," because the "field vari¬ 
ables" "E(*r,t) and 13(7,t) may be construed as simply mathematical 
notations for the numerical readings on certain black boxes — 
call them field meters — present at the selected "field point" 
Cr,t). In other words the field variables do not describe an 
abstract "field," existing independently of all measurement, but 
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stand for measurement readings on certain instruments. Through 
this interpretation one becomes aware of the foreshadowing of 
quantum mechanics by Maxwell's equations. 

To be specific, we can fabricate an electric field meter of 
sorts by placing inside a small box made of insulating material a 
charged pith ball, under frictionless orthogonal constraints, 
attached to strain gauges that read out digitally (given suitable 
calibration) the three components (E x ,E^,E t ) of the forces needed 
to prevent the pith ball from moving with respect to the walls of 
the box. A similar box containing orthogonal current elements 
can provide us with three magnetic field numbers, (B x . 
This, in thought, is how the Maxwell field can be operationally 
defined ... and in science the operational defining of an entity 
renders more abstract or philosophical definitions redundant. 

What I am saying, then, is that for a physicist the "field" is 
nothing more nor less than what a field detector detects. 


A field detector is a composition of matter, as Einstein's 
patent Office would put it, and it is a well-known feature of 
compositions of matter that they possess physical degrees of 
freedom. Now We come to my point about parameterization: If we 
examine Maxwell's equations in their simplest or "microscopic" 
form, 


7$ x i? _ ± _ *hL T 

v x B c Js 

V X E + T -Jf 


v s ) 


(la) 

(lb) 


V - B = 0 


(lc) 


V* E - ^7 TP = 0 , (Id) 

we see that in addition to the field variables descriptive of 
readings on field meters they contain parameters descriptive of 
the degrees of freedom of field sources. That is, the mean 
velocity in the laboratory of the electrified particles that 
produce the field is parameterized by the current (density) 
vector j s = ^ . So the motional freedoms of any charged bits 

of matter responsible for creating the field are explicitly 
parameterized. But what about that other bit of matter, the 
absorber, detector, or field sink? I refer to our field meter 
itself — the composition of matter that gives operational defin¬ 
ability to the "field." Alas, look high, look low, you will find 
no parameter in Maxwell's equations describing the motional free¬ 
doms of the black box that acts as a field meter. Field sources 
have their motions parameterized, but not field sinks. 


So what? Is it not legitimate to pick an arbitrary "field 
point" of interest and to define the field as what is measured by 
a field meter at rest there? Generations have thought so, to be 
sure, but the answer is yes and no. Yes, insofar as choice of an 
arbitrary field point is concerned and provided we agree to 
exclude all consideration of relative motion of observers — 

_i.e., we allow a preferred system of reference. The location of 
the field point, which is not a composition of matter, is always 
entirely at the observer's option. But to define the field 
meter, which i_s_ a composition of matter, as at rest with respect 
to the observer or his field point is another affair entirely. 
Only absolutists can afford the kind of restrictive definition 
that denies the facts of physical mobility of matter. The field 
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meter is a material object whose physical degrees of freedom all 
would-be "relativists" deny at their peril. If one seeks any 
kind of "relativity theory," the degrees of freedom of all compo¬ 
sitions of matter involved in the problem must be parameterized. 
The alternative is to create a "preferred system" with respect to 
the motional state of some material object in the universe — 
which by definition spells death to relativism. 

Within the field meter elemental quantum-level influences — 
physically unique localized interactions or "events" of field 
detection — are occurring. These events are specific to that 
composition of matter — that piece of "apparatus" — and are not 
interchangeable with similar quantum measurement events occurring 
in other field meters in other states of motion, even though the 
meters may in thought all be instantaneously present at practi¬ 
cally the same field point. Thus the field meter at rest in 
inertial system S is in motion in another system S' ... and, if 
our electromagnetic field equations lack parameters to describe 
detector motions, such equations can never describe in S' the 
specific field-detection events that occur within the particular 
meter at rest in S. The issue is one of descriptive power: 
Maxwell's equations are fine for describing what Maxwell set out 
to describe, namely, events occurring in detection instruments at 
rest in his laboratory. But he did not have differently-moving 
laboratories in mind — that was Einstein's contribution, which 
came much later. And a poorly thought-out contribution it was 
... for Maxwell's equations lack the parameters to describe (even 
at first order) the motional freedoms of field sinks. To define 
any composition of matter as at rest automatically creates a 
"preferred system" with respect to that bit of matter. Any such 
theory is marked by an indelible stain of absolutism. 


Einstein's approach, instead of correct 
parametric deficiency, was to clone it. He 
"preferred observer" with respect to his own 
private field meter. Now each observer had 
immovable detector. So, the lying about nat 
dom was symmetrized among observers and made 
of the world. How georgeously symbolic and 
to the twentieth century! The cream of the 
symmetrizing of "preferences" among observer 
degrees of freedom, this building of the cas 
upon the rock of absolutism, was done in the 
vity principle — the one principle that mus 
any way with Maxwell's equations because of 
first-order nonrelativism. 


ing Maxwell's 
made every observer a 
bit of matter — his 
his own by-definition 
ural degrees of free- 
a universal feature 
utterly appropriate 
jest is that this 
s and of lies about 
tie of relativism 
name of the relati- 
t never be admixed in 
their fundamental 


This genuine mess, unwittingly fathered by Maxwell, cannot 
in any way be cleared up until an electromagnetic theory is 
adduced that parameterizes the motions of all relevant composi¬ 
tions of matter with respect to some one observer. We have to 
get the representation of nature right (meaning parametrically 
complete) in one system. Given a theory that is right in one 
system, its parameterization will automatically suffice to 
describe the mobility of all relevant matter with respect to all 
observers -- thus providing the basis for a true "relativity 
theory" from which "preferred observers" are permanently banish¬ 
ed. In mathematical terms what is needed in the theory is some 
parameter that describes field detector velocity with respect 
to the observer or his field point. Such a sink-velocity para¬ 
meter is needed to match the source-velocity parameter v^ already 
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present. Until electromagnetic theory contains such a parameter, 
the stain of Maxwell's absolutism will never be removed. 

While we are seeking such a theory — A*®*' onc ® we gather 
the courage to tamper in any way with the sacred equations of 
Maxwell -- we might as well aim to correct also the first defici¬ 
ency I mentioned by making our improved theory first-order 
(Galilean) invariant. Such invariance will ensure the satisfac¬ 
tion of the relativity principle and eliminate the need for fancy 
footwork, fast talk about "covariance" (the second-order band-aid 
on a first-order hemorrhaging wound), and self-contradictory 
verbalisms such as "Lorentz invariance." Of course we shall not 
dare to lay rude hands on such an elegant and successful theory 
as Maxwell's unless we can be assured of recovering all his 
predictive results through discovery of what is called a "cover¬ 
ing theory." Mathematically, then, what we must seek (to put 
this all together) is an invariant covering theory of Maxwell's 
electromagnetism*— one that is more richly parameterized through 
possession of an extra velocity-dimensioned parameter describ¬ 
ing detector velocity. This brings us to the work of Hertz. 


HERTZ'S INVARIANT COVERING THEORY 


Hertz is known primarily as the experimentalist who assured 
Maxwell's lasting fame by confirming his prediction of electro¬ 
magnetic waves, but consultation of Hertz's book^ further 
reveals him as a theoretician of stature. Unfortunately, he was 
a man of few words, so from his book we know little of what moti¬ 
vated him to put down the equations he did, or what he thought of 
them. One can only speculate that he perceived the fallacy of 
trying to describe electromagnetic phenomena with first-order 
noninvariant equations, so he touched-up Maxwell's equations to 
make them invariant under first-order inertial (Galilean) trans¬ 
formations. There was really nothing to it -- just a matter of 
replacing Maxwell's partial time derivatives with what we now 
call total or convective time derivatives: 


JL 

9t 



( 2 ) 


Hertz remarked in passing, without proof, that his equations were 
invariant, but did not emphasize that they differed significantly 
from Maxwell's. In fact, he mentioned the matter in such an 
offhand way that nobody seems particularly to have noticed the 
difference — and Einstein in his 1905 paper refers to "Maxwell- 
Hertz equations" that have nothing to do with Hertz. The dis¬ 
tinction between Hertz and Maxwell was forgotten in this century 
until the modern historian of science, Arthur I. Miller, pointed 
it out in his book 2 on Einstein. (Miller unfortunately muddied 
the waters by "correcting" Hertz, saying that he really meant 
"covariance," not "invariance." Not so. His equations, being 
unsymmetrica1 between space and time, are not guilty of covari¬ 
ance. Hertz said and meant invariance, as we shall soon verify.) 


Hertz's use of a total time derivative brought into the 
equations of electromagnetism for the first time a velocity- 
dimensioned parameter, written by him in component form as 
,y) and written above as • In view of my preamble I need not 
tell you that I interpret ^ as detector velocity in the labora¬ 
tory. Hertz, however, fell into a deep interpretational trap — 
in that he saw as "ether velocity." Having made that basic 
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slip, which was probably fore-ordained by the ether fixation of 
practically all physicists of his time (including Maxwell), he 
proceeded to tumble all the way for an old idea of Stokes's that 
the ether is 100% convected by material objects. Thus Hertz 
called his theory an "electrodynamics of moving bodies" -- by 
which he meant that parameterized the motion of just any 
"body" that happened to move in the laboratory. From this misap¬ 
prehension it could be deduced that a dielectric moving in the 
lab should produce a magnetic field detectable there. A few 
years later, after Hertz's untimely death, the experiment was 
done with negative results, so Hertz's theory was discredited 
and forgotten — until the present. 

In our era I rediscovered the invariance prescription, Eq. 
(2), as did S. Kosowski of the Polish Academy of Sciences, F. D. 
Tombe of Belfast, Northern Ireland, and perhaps others I know not 
of. All worked independently, of course, and none suspected 
Hertz's priority until I stumbled over the Miller reference and 
perceived that only an archaic notation (and Miller's "Covari¬ 
ance" fixation) prevented Hertz' mathematical achievement from 
being recognized. Hertz himself pioneered the movement to 
disregard Maxwell's "physics" through his famous dictum that 
"Maxwell's theory is Maxwell's equations." I should like here 
and now to return the favor by stating a parallel dictum, that 
"Hertz's theory is Hertz's equations" — for his ether interpre¬ 
tation, like Maxwell's before him, is without basis in today's 
physical thought ... but his mathematics is more relevant than 
ever. I hope the truism conveys itself that the physics resides 
in the interpetation, not in the mathematics — and that (to 
judge from the breakdown of consensus) the hard part is the 
physics, not the mathematics. For, to complete my story, I have 
to report that no two of the modern rediscoverers of Hertz's 
mathematics agree as to physical interpretation either with each 
other or with Hertz. Again, therefore, what I offer here is a 
minority report of one. 

As a curious sociological fact I call it to your attention 
that when Maxwell's equations, coupled to a false ether 
interpretation, were refuted by observation his equations were 
retained, his interpretation was discarded, and he himself was 
elevated to the pinnacle of the pantheon of theoretical physics. 
But when Hertz's equations, coupled to a false ether inter¬ 
pretation, were refuted by observation his equations and inter¬ 
pretation were discarded together and he himself (as theoreti¬ 
cian) was relegated to the ashbin of history of physics. In the 
modern lexicon "Hertz" is only a trendy misnomer for "cycles per 
second." There is no mystery to this as long as history is 
written by people like Professor Miller, who are open partisans 
of Einstein. But there is a great pity to it, and an injustice 
to science, since it is Hertz's equations -- representing an 
invariant covering theory of Maxwell's equations -- that are the 
nobler and more worthy scientifically to endure. 

The "covering theory" aspect follows at once from the fact 
that in Eq. (2) the partial and total time derivatives become 
identical in the special case = 0. That is. Hertz's equations 
reduce to Maxwell's equations in the special case = 0, which 
by my interpretation means the case in which the field detector 
is at rest in the observer's laboratory. That, as we know, is 
exactly the special case of the "immobile field meter" assumed by 
Maxwell and the only case in which his equations can be expected 
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to possess physical validity. Hertz's equations, being more 
richly parameterized, "cover" additional moving-detector cases 
not described by Maxwell's more restricted formalism. They 
possess therefore additional physical implications about which I 
shall speak presently. 


As for the invariance of Hertz's equations at first order, 
let us pause to verify this for only one of them, since time is 
pressing. Confining attention to first-order considerations, we 
see that the Galilean transformation for the case of inertial 
system S' (primed coordinates) moving with velocity ”v with 
respect to S (unprimed), namely. 


implies that 

j? 


r' = r - vt , 




t ’ = t 
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Under this transformation an arbitrary velocity V obeys the 
first-order velocity addition law. 


V' 


= V 


v 


or 


V 


V' - v' 


(5) 


The fact that our field meters can have digital readouts which 
must display the same numbers in the view of observers in 
arbitrary states of relative motion implies numerical or scalar 
invariance of the field variables: 


E' (x' ,y' ,z' ,t' ) = E (x ,y, z , t) 

B'(x',y',z',t') = l?(x,y,z,t) 


(6a) 

(6b) 


The arguments represent coordinates of the same physical point 
(occupied by the field meter), as measured in the primed and 
unprimed systems. Note the sharp contrast of this scalar 
invariance to Lorentz covariance. Similarly, scalar invariance 


of charge density, c'-e , may be assumed, so that 
= (f v s)' = = p (v s - "v) 
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It contains a source term whose transformation properties are 
readily established: The current measured by a meter that 
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comoves with our field meter is related to the current "uT^ 
measured by a meter at rest in the laboratory by 


u 




u. 



( 8 ) 


Applying Eqs. (2) and (4)-(8), together with c* = c, we see that 


this field equation transforms invariantly: 

vx? -z§ - = vxg -t(% + %■?)£ - 

= vx $' - i [£ + *’■ ^'' + ^'- *’) ■V'] t - ¥[(Z; -f 

= v'x S' - -e&y 

= v'* &= O ■ 



(9) 


Note that to obtain the invariant Hertz equation we have had to 
make two changes in the corresponding Maxwell equation: 


(i) The partial time derivative P/P t in Eq. (la) is 
replaced by the total derivative, d/dt = 9/p t + • y . 

^ (ii) The source current ~u s is replaced by u^, = ~u s - = 

f( v s “ which is seen to involve only the relative velocity 

of source charge and field detector. 


Invariance of the other Hertz equations, obtained by similar 
modifications of their Maxwell counterparts, is easier to prove 
and will be omitted here, since it has been demonstrated else- 
where5/6 # (We sa y that an equation is "invariant" if each term 
in it transforms invariantly. In the present instance the 
invariance is "manifest," because it can be shown that each 
symbol in each term transforms invariantly — e.g. , (d/dt)' = 
(d/dt), etc.) In summary, the first-order invarTant Hertz 
equations are 
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a relativity principle is automatically satisfied, and 
t-order attempts to detect motion (via optical fringe 
etc.) with respect to a "fundamental" system are fore- 
This fits with Potier's principle ? (the nineteenth- 
form of the relativity principle, which states that no 
der effect of motion with respect to an ether can be 
by optical means), the proof of which depends on 
s principle. The implication is that Fermat's principle 
reement with Hertz's equations: Both predict no fringe 
ffecting interference patterns under changes of inertial 


What it also means — which I think nobody has recognized 
before — is that Maxwell's equations are in first-order 
disagreement with both Fermat's and Potier's principles, and with 
all observations that confirm them. For at the first order in 
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v/c Maxwell's equations are noninvariant under inertial transfor¬ 
mations, hence predict first-order fringe shifts that are denied 
by observation, by Fermat-Potier, and by Hertz. I hope that 
nothing more needs to be said against Maxwell's equations and 
consequently against Einstein's special relativity theory — 
which in essence is not a relativity theory but a theory of 
preferred systems comoving with electromagnetic field meters. 

Let me try to clarify in operational terms the basic differ¬ 
ence between Hertzian and Maxwellian electromagnetism: The 
"field/' as operationally defined, is a different object in the 
two theories. That is the vital point to grasp. Both theories 
share the same black-box detectors, but there the resemblance 
ends. Hertz, as I have reinterpreted his mathematics, gives a 
complicated definition of field involving an extra parameter, the 
velocity of a black box in the laboratory. Since the field 
detectors move and the field point is considered at rest, it is 
necessary to picture a linear stream of detectors passing 
continually through the field point in order to follow evolution 
of the Hertzian field in time at a fixed place in the lab. In 
consequence of the Hertzian field being thus a more complicated 
object, it has simpler transformation properties, given by Eq. 

(6). That is, the Hertz field is a scalar invariant under first- 
order inertial transformations. Electric and magnetic fields, 
though complicated in definition, retain their separate 
identities and never get mixed together. 

The Maxwell field, on the other hand, is operationally 
• defined in a very simple way, by the readings on a black box at 
rest in the laboratory. But this simplicity of definition 
entails complicated transformation properties, known as covari¬ 
ance, whereby electric and magnetic field components lose their 
identities and get "scrambled" by linear combination via a com¬ 
plicated Lorentz transformation. The latter is alleged to have 
something to do with inertial motion, but mysteriously must 
invoke second-order considerations in order to answer first-order 
questions. The "electro-magnetic" scrambling has been supposed 
from the earliest days to represent real physics; but in the 
Hertzian view the scrambling is just one of the penalties for a 
noninvariant mathematical formulation. In summary, there is a 
trade-off of complexities between the two theories: Hertz offers 
simple mathematical transformation properties at the price of a 
complicated operational definition of "field." Maxwell offers a 
simple operational definition of "field" and complicated trans¬ 
formation properties. The aesthetic advantages clearly are with 
Hertz's theory — mathematically because it is an invariant 
covering theory, physically because (i) it treats field sources 
and sinks (parametrically) on a par, (ii) it employs only rela¬ 
tive velocities among physically relevant objects (with no 
necessary employment of "schesic" velocities relative to frames). 

So far I have merely recapitulated Hertz's mathematics and 
offered a new interpretation of his extra velocity-dimensioned 
parameter. Validity of the whole discussion has been confined to 
first-order considerations. In order to bring in the "Neo-" of 
my title I must say a word about higher-order refinements. this 
is a big subject, about which I must refer anyone really inter¬ 
ested to a forthcoming book 6 Q f mine. Here I shall merely say 
that to harmonize electromagnetic theory with the kinematics I 
mentioned at the outset, of which the invariants are length and 
proper time, it is necessary to identify which object concerned 


231 



in the electromagnetic descriptive problem is the one whose 
proper time will be used to parameterize the description. To 
make a short story shorter, the object in question is obviously 
the field detector. This is the central actor in all field 
theory. So, we merely have to introduce 'Ck, , the proper time of 
the detector, as the time parameter of the field-descriptive 
problem and substitute it for the total frame-time derivatives 
appearing in Eq. (10); that is, d/dt — 3> d/d%c • The only tricky 
part concerns the source term in (10a), which must employ a 
(non-Einsteinian and non-Galilean) higher-order velocity composi¬ 
tion law in determining relative, velocities between field meter 
(or ^ -meter) and field source particles. I will not take time 
for this here. 

As for what happens to the Lorentz force law, the first 
thing is that the velocity appearing in "v x 1?, which is normally 
interpreted as charge velocity relative to the observer's refer¬ 
ence frame, is reinterpreted as charge velocity relative to the 
B-field detector. Beyond that I ought not to speculate, though I 
cannot resist noting that the Lorentz force law, because it 
derives from the Biot-Savart law, has problems about balancing 
action-reaction in the analysis of forces on portions of conduc¬ 
tive circuits. To deal with this, an interesting generalization 
of the Lorentz force law, derived from Ampere's original law of 
force between current elements and involving measurable contribu¬ 
tions from the so-called "gauge" quantities, such as 'KJ'A (which 
thus play a new, operationally quantifiable, physical role), has 
been proposed by Wesley 2 . The superiority of the Ampere law for 
describing forces upon parts of circuits has been confirmed by 
experimental studies of Graneau^ . According to Wesley, Maxwell- 
Lorentz theory is limited in validity to the case in which all 
currents vanish on thejpoundary of the space considered — hence 
to the Coulomb gauge, = 0. When one cuts into a circuit, to 

examine forces on part of it, the currents do not vanish on the 
^boundary, V*A / 0, and any amendments to the force law involving 
become significant. 

Let me say no more on this, but leave you with the sugges¬ 
tion that this sub-area of nineteenth-century physics is ripe for 
reappraisal — which becomes both possible and desirable once the 
intellectual stranglehold of covariance has been broken. It 
delights me to think that the famous "gauge invariance" might be 
an incidental casualty of any struggle to get the force law of 
classical electrodynamics right. I feel sure the last word has 
not been said on this subject — and, mind you, I am not talking 
about higher-order refinements, but about first-order effects and 
understandings. The building of cloud-castles of theory upon 
gauge invariance, or upon vague analogies in general, serves to 
remind us how much of modern theoretical physics represents forms 
of sympathetic magic. 


CRUCIAL EXPERIMENTATION 

Testing the predictions of Hertzian electromagnetism, 
insofar as they differ from Maxwellian predictions, proves to be 
not an entirely trivial task. The conceptual distinctions are 
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clear, but since I am running out of time I must be brief about 
them and about the experimental situation. Suffice it to say 
that I wasted five years of my own time in basement optical 
experimentation, until I realized that the equivalent of Potier's 
principle applies to the detector-convective effects I sought, 
just as to the ether-convective effects of the nineteenth 
century. The upshot is that no cheap optical experiment in the 
spatial domain (interference, diffraction, etc.) can decide the 
issue, and only a more expensive experiment in the time domain 
can hope to do so. 

From the neo-Hertzian field equations one derives at once 
the corresponding wave equation. 
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On trying a solution of the form E = E(x + ct t), we find for oL a 
quadratic equation, gC~ + 2v^ oC - c z + 2y £ = 0. A d'Alembert 
type of solution for the E-field, employing the two roots, is 
then 

E - E,C X ~ [/ 4 - E Jjt ~ ■¥ ( 12 ) 

where, to first order, E| represents a wave of arbitrary shape 
traveling along the x-axis to the left at speed c - , and E^ 

is another arbitrary wave traveling to the right at speed c + v^ 

. If the detector moves to the right (v^ > 0) the wave traveling 
to the left is slowed down and the wave traveling to the right is 
speeded up. If the detector moves to the left (v^ < 0) the 
reverse is true. In all cases there is a first-order convection 
or pul1ing-along of the wave field by the detector's motion 
relative to the observer's laboratory. This convective effect on 
phase velocity vanishes only if the detector is at rest in the 
laboratory — the usual case in actual laboratory practice. 


On solving 
dimensions one 
of the form 


the correponding wave equation in 
finds a general expression for the 
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two or more 
phase velocity 


(13) 


where k is the propagation vector of the light and all velocities 
are measured in the laboratory. It is this dot-product nature of 
the convection effect that coincides with the situation dealt 
with by Potier's principle. That is, the mathematical problem of 
ether-convection of light is isomorphic to the problem of 
detector-convection of light specified by Eq. (13). 
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Thus according to neo-Hertzian theory each photon destined 
for detection has its phase velocity of propagation linearly 
altered by the component of detector velocity parallel to propa¬ 
gation direction. Each photon, in other words, "knows" where it 
is going to be absorbed, knows the state of motion of the 
absorber before it gets there, and adjusts its speed of propaga¬ 
tion accordingly. If this seems spooky, remember our initial 
warning that the photon, contrary to Einstein's simplistic view, 
is the most "quantum" — and the most nonlocal — of all known 
quantum processes. It is therefore entitled to be the most 
mysterious and the most counterintuitive in its behavior. That 
it has not hitherto been seen in that light is testimony to the 
weight of Einstein's influence on the perceptions of his fellow 
physicists. Before bowing to this influence it would be well to 
recollect the words of another physics guru, Bohr, who said that 
"The apparatus as a whole makes the measurement." Is there a 
better word for that than spooky? That happens to be the word 
Einstein chose to describe the EPR situation. As a post-Ein- 
steinian, I do not say that a thing has to be spooky to be right; 
I merely say that spooky things are not necessarily wrong. 

How would one test this experimentally? I have examined 
rather carefully (a) the idea that the issue may already 
"accidentally" have been tested, (b) the possibility of astro¬ 
nomical tests, etc. My conclusion on all counts is negative: I 
have been able to discover no adventitious data that might settle 
the matter. (Remember -- we are dealing with a covering theory* 
which means that everything Maxwell predicts Hertz predicts as 
well. Covering theories of validated theories are seldom trivial 
to refute.) There seems to be no substitute for controlled 
laboratory experimentation, and no evading the need to have a 
radiation absorber move in the laboratory. 

To fix our ideas, let us think about a specific setup that 
could be realized in a practical experiment, using it as an 
illustration of possibilities. Suppose we have in our laboratory 
a horizontal disk of radius R that rotates with rim speed v. At 
opposite ends of one diameter of this disk we mount two fast- 
responding photodiodes that are to be our radiation detectors. 

In the plane of the disk at a large distance D from the disk 
center we place a pulsed light source, say, a laser capable of 
rapid modulation — meaning large intensity changes occurring 
within a short time £ . We may suppose the photodiodes capable 
of response in a time comparable to 6 . 

The detectors are so oriented that both "look" toward the 
source at the moment the disk diameter on which they are located 
is perpendicular to the line from source to disk center. At that 
moment during each cycle of disk rotation one detector is 
advancing toward the source with speed v a*nd the other is 
retreating from it with the same speed, as measured in the 
laboratory. By the photon convection hypothesis we wish to test 
— as embodied in Eq. (13) — the advancing detector causes 
photons it will absorb to travel in the laboratory at phase 
velocity u = c - v, to first order, and the retreating detector 
causes the photons it will absorb to travel at speed u = c + v. 
If, as we may suppose, the propagation medium is nondispersive, 
these phase velocities are also signal or energy transport 
velocities. This will be the case if the experiment is done in 
vacuum. 
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By choosing parameters such that v << (R/t) << c, where t = 

D/c is the mean time of photon flight, we assure that the light 
arrives at the disk as practically a plane wave, and that the 
distance moved by either detector during photon propagation is 
small compared to the disk radius. Suppose that at the exact 
instant when the light modulation or "flash" reaches the center 
of the disk the inter-detector line is perpendicular to the 
propagation direction. Then according to Maxwel1-Einstein the 
flash, consisting of a single wavefront, will simultaneously 
reach the two detectors and the first-order time difference 
between signals detected by the photodiodes will be (At) e = 0. 
According to the Hertzian hypothesis to be tested, on the other 
hand, the retreating detector will have speeded-up its photons to 
c + v, with the result that this detector "sees" the flash 
slightly earlier, by an amount Dv/c. By the same hypothesis the 
advancing detector will slow its photons to c - v, with detection 
delayed, as a result, by an interval of the same magnitude; so 
the predicted time difference of signal arrivals is (At}^ = 2Dv/c^ 
. This is a first-order (linear) effect in v, but it is 
numerically small because of c^ in the denominator. 

To avoid having to observe one-time events, it is expedient 
to consider emitting repeated flashes at the disk rotation 
frequency. The desired experimental information then becomes 
encoded as phase information, and we require a way of establish¬ 
ing a reliable phase reference. It occurs to me that this might 
be accomplished by attaching to the disk surface a plane mirror 
along the inter-detector line, with its reflecting surface normal 
to the disk surface — i_.e. f lying in a vertical plane. Then at 
the instant the normal to the mirror coincides with the propaga¬ 
tion direction the condition mentioned above will be satisfied, 
and a flash reaching the center of the mirror at this time will 
be reflected back to the point of its origin. This is true 
according to both Maxwell and Hertz, because the center of the 
disk or mirror is essentially at rest in the laboratory, and the 
two theories always tell the same story about that special case. 
So, we simply have to observe on a screen behind the laser source 
the location of the flash reflection, and to adjust the phase of 
flash emission (which we suppose to be at the experimenter's 
control) in such a way that the flash reflection comes straight 
back to the source. 

If the flash-phasing condition just mentioned is satisfied, 
it then becomes simply a question of choosing parameters such 
that the difference between the Einsteinian and Hertzian predic¬ 
tions is resolvable; that is, the hypothesized signal reception 
time difference between the two detectors, 2Dv/c^ f must exceed 
the resolving time 6 of the system. To put in some numbers, 
consider v = 10”^c. Then D must be greater than 10 £ kilometers. 
Thus if £ , the flash or modulation resolving time of the system 
(source plus detectors) is 10”l^second, then a 10-kilometer vacuum 
chamber will be required. Obviously this is not for basement 
experimenters like myself. Nevertheless, it seems a rather easy 
enterprise compared to some of the heroic experiments in which 
large amounts of government physics money are being invested 
these days. The necessary crucial experiment — of whose feasi¬ 
bility it seems to me there can be little doubt -- could be done 
either on earth or in orbit. It is not impossible that the 
latter option might give it more likelihood of attracting 
funding. 
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I wish to conclude with an appeal to this conference: If a 
list of approved or endorsed experiments should happen to be one 
of the outputs of our collective wisdom, I ask that a test of 
neo-Hertzian vs. Maxwellian electromagnetism be included. 
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EFFECTIVE PHOTON HYPOTHESIS VS. QUANTUM POTENTIAL THEORY: THEORETICAL 


PREDICTIONS AND EXPERIMENTAL VERIFICATION* 
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ABSTRACT 

This paper will review the basic formulation of effective photon 
theory, the experimental results of photoemission from a laser-irradiated 
metal that led to the concept of effective photon, and the experiments of 
laser-induced gas ionization which can be interpreted with the effective 
photon hypothesis. Then, it will review alternate theories that infer 
the existence of effective photons from different premises. It will be 
shown that a distinct difference exists between the alternate theories, 
and in particular quantum potential theory, and effective photon theory. 
The first predict that higher-than-normal energy photons in a laser beam 
are a consequence of the geometrical manipulation of the beam. The 
latter postulates that the geometry has no effect, and that the intensity 
of light is the important parameter leading to the effective photons. 

Such difference brings testable effects and an experiment has been 
performed to discriminate between effective photon theory and the 
alternate theories. Although the results of the experiment do not rule 
out the alternate theories, they do, however, provide strong evidence 
that higher-than-normal energy photons are a light intensity rather than 
a beam geometry effect. Effective photon theory is then extended. 
Starting from some theoretical considerations based on an interacting 
photon model proposed by the present author in another paper in these 
Proceedings, the coefficients a and 3 V of the effective photon energy 

relation e = hv/[l-$ v I a ] for X = 10600 A are derived. Finally, the 

validity of this relation in predicting the minimum intensities of light 
necessary to ionize the noble gases, at the foregoing wavelength, is 
demonstrated. 


*Accounts of parts of this work have appeared in the literature and are 
abstracted here: Lett. Nuovo Cim. 3, 417 (1972), Found. Phys. 4, 227 
(1974). 
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1. INTRODUCTION 

The effective photon concept is a novel theoretical hypothesis which 
has been advanced in the 1970*s as a consequence of the results of an 

experiment of laser-irradiated metal^ and of the large number of 
experimental results available at that time on laser-induced gas 

ionization phenomena^ , experiments which could be explained in a 
unified and consistent way with the assistance of such novel concept. 

The logical basis upon which the effective photon hypothesis rests 
is that, as long as one can safely adopt fundamental formulas of physics 
in increasingly wider range of parameters, one shouldn't refrain from 
doing so. However, when the range of parameters is so far away from that 
in which the validity of a particular formula has been clearly 
demonstrated, and a degree of divergence occurs between the expected 
experimental results and the actual results, then it is legitimate to 
inquire whether the formula in question is universal, i.e. applicable to 
all situations, or not. 
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This is the case for one of the most fundamental formulas of 
physics 

e = hv ( 1 ) 


expressing the energy £ of photon of frequency v. This formula is 
independent of light intensity and its validity was verified right at the 
time when it was postulated, namely when it was inserted by Planck in his 
blackbody radiation law, as well as in countless other times. 


The experiments, however, in which Eq. (1) applied so well were all 
"low light intensity" experiments, meaning by this term "low number of 
photons per unit area per unit time". But, when in the 1960's the 
optical laser was invented, and intensities of light of the order of 
10 12 - 10 15 W/cm 2 (corresponding to ~10 30 - 10 33 photons/cm 2 .sec) were 
routinely obtained in the laboratory with focussed laser beams, new 
phenomena started to appear, such as ionization of gases by laser beams 
and photoemission from laser-irradiated metal surfaces. These phenomena 
were not expected, because the photon energy of the laser light used was 
invariably well below the ionization potential of the irradiated gas, or 
the work function of the metal, respectively. 


Concomitantly, some of the difficulties faced by those classical 
theories which were immediately advanced in order to try to explain these 

17—22 

novel phenomena led to the notion that perhaps, at the very high 

light intensities provided by laser beams, formula (1) breaks down. A 
novel photon energy expression was then postulated "ad hoc", simply as a 
calculational tool, in order to see if the experimental results of 
irradiation of gases and of metal surfaces could be explained in a 
consistent way with such novel theoretical approach. The postulated 
photon energy expression was 


e 


hv 


1 " 3 v f(I) 


( 2 ) 


where hv is the normal photon energy, $ v is a positive coefficient, and 

f(I) is a function of the light intensity. Clearly, the term $ v f(I) had 

to significantly differ from zero only in the case of very high intensity 
laser light, so that, at normal light intensities, Eq. (1) was retrieved. 
The photons of enhanced energy that obeyed Eq. (2) where then called 
"effective photons". 


Eq. (2) has been successful in interpreting the experiments 

o O_O C ry r 

mentioned above as well as others^ • In this review, we shall first 

re-examine in detail the experiment of metal irradiation with a high 
power ruby laser beam which led first to the idea that higher-than-normal 
energy photons in the beam were responsible for the photoelectric 
emission from the metal. We shall then review the experimental results 
of laser-induced ionization of gases which can also be interpreted 
through relation (2). Then, since in recent years at least three 
theories have appeared which explain classically, i.e. without resorting 
to an "ad hoc" hypothesis, the existence of higher-than-normal energy 

photons in laser beams, these theories will be reviewed and their 

predictions will be compared with those of effective photon theory. 

Since the alternate theories predict the existence of higher-than-normal 
energy photons even at very low light intensities, albeit with very small 
probability, whereas for effective photon theory these photons can exist 
only at very high light intensities, an experiment has been carried out 
to discriminate between the former and the latter theories. The results 
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show that, with high probability, the effective photons are an intensity 
effect. 

In recent years, the effective photon hypothesis has gradually been 
losing its original character of an ”ad hoc” postulate and acquiring more 
and more a theoretical basis. Elementary considerations on the very 

32 

nature of photons has led to a justification of the original postulate • 
Moreover, some considerations on the possibility that photons might 
interact at intensities of light much below those predicted by QED has 

led to an interaction relation for photon JJ * which predicts that a 
photon cannot occupy a volume smaller than This means that the 

number density of photons N has to be: N - In essence, this 

expression relates the intensity of light I to the frequency of photons 
v, because I a N and v « X -1 . Hence, the effective photon hypothesis, 
which indeed rests on the notion that frequency and energy of a photon 
are not independent of light intensity, receives in this way theoretical 
support. By applying these concepts, we shall see that the parameters 
contained in the expression £ v f(I) of Eq. (2) can be determined and a new 

verifications of the validity of that formula in the interpretation of 
laser-induced gas ionization phenomena will be provided. 


2. EXPERIMENT ON ELECTRON EMISSION FROM A LASER IRRADIATED METAL 
SURFACE 1 

This experiment was designed to discriminate between the two 
intensity-dependent theories that could explain photoelectric emission 

1 7—21 

from a laser-irradiated metal surface, namely multiphoton theory and 

2 3 

effective photon theory • The predictions of the two theories are: 

I - Multiphoton theory 

1) i « I n (3) 

where i is the electron current released from a metal by a purely 
photoelectric effect, I is the light intensity, n is the integer part of 

— + 1, where W is the work function of the irradiated metal and hv is 
hv 

the photon energy. 

2) E max = nhv - W (4) 

where E is the maximum kinetic energy of the emitted electrons. 

IQuX 

For multiphoton theory therefore the electron current is 
proportional to the n-power of the light intensity and the maximum energy 
of the emitted electrons is independent of light intensity. 

II " Effective photon theory 

1) i * I (5) 

35 

i.e. the electron emission is a single-photon process , and therefore 
linear with light intensity. 

2) E max = f ( X > <6) 

i.e. the maximum energy of the emitted electrons is a function of light 
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Fig. 1 Schematic drawing of the apparatus used to discriminate 
between effective photon theory and multiphoton theory 
of electron emission from a laser irradiated metal 
surface. RP: rotating prism; I: iris; RR: ruby rod; 
M: front mirror; HF: high-pass filter; , L 2 : 

lenses; TS: tungsten electrode. 


intensity, because the photon energy, according to Eq. (1), is a function 
of the light intensity. 

The experimental apparatus used to discriminate between the two 
theories is shown in Fig. 1. In essence, laser light is allowed to 
interact with a set of metal surfaces in a highly evacuated chamber and a 
simultaneous determination of electron current and (relative) electron 
energy is obtained. Since the most important requirement of the 
experiment was to reduce as much as possible any spurious electron 
emission of thermionic origin, the following steps were taken: a) the 
angle of incidence of the laser light with the metal surface was reduced 
to a small value = 12°, b) the surface of the metal was polished flat to 

—X, and c) the laser power was never above 1 MW. Moreover, the laser 
10 

light entering the chamber through a small hole interacted with a set of 
identical consecutive surfaces arranged in poligonal order until complete 
absorption occured. 

In detail, the experimental apparatus is made up of three parts: 
the optical system for the generation and control of the intensity of 
light, the vacuum vessel where the interaction light-metal takes place, 
and the electronic detection system. 

The optical system is composed of an alignment telescope, a 
Q-spoiled ruby laser and a lens system. The Q-spoiled ruby laser is a 
conventional rotating prism laser made up of a Czochralski rod 
7 cm long x 1 cm diameter, an iris inserted into the optical cavity in 
order to restrict the emission to the homogeneous central zone 0.3 cm in 
diameter, and a front mirror. A high-pass filter in front of the laser 
prevents UV radiation from the flash lamp from reaching the chambers. 

The laser power is monitored by means of a calibrated photodiode ITT 
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TIME SCALE- Q. f ^.seg/div 


Fig. 2 Oscilloscope record of the electron current and of the 
laser pulse when the laser delivers two pulses. It is 
clear from this record that the electron emission from 
the metal is proportional to light intensity. 


F-4000 irradiated by 4% of laser light. The lens system has the purpose 
of increasing the light intensity, not by focussing the beam, but by 
simply reducing its cross section. The lens system is made up of two 
plano-convex lenses and separated by a distance equal to the sum of 
their focal lengths. During the experimentation, lens had a constant 

focal length 23.6 cm, while lens L 2 was allowed to change focal length 
from 23.6 cm to 14.3 cm to 10.0 cm. 

The vacuum vessel (which contains an inner chamber) is a cylindrical 
container properly sealed and connected to an ion pump. After bake out, 
a vacuum of 4 # 10“^ torr could be achieved. The inner chamber is made of 
13 flat hardened steel bars 25.95 cm long, polished on the internal faces 

to —A. The reflectivity of the polished faces is 58.5% at the ruby 
10 

wavelength A = 6943 A. The bars are arranged so that the polished faces 
are in polygonal order tangent to a circle 7.14 cm radius and are mounted 
on two polished end plates and a centre plate in order to form two 
identical chambers, the electron current being measured in one chamber 
and the electron energy in the other. The laser beam enters the vessel 
through a window and is split in two parts by a 12° polished steel wedge 
located in the interior of the chamber. After reflection at the wedge, 
the beams are directed along a helical path in their respective chamber 
and are not able to re-emerge through the 0.9 cm diameter entrance hole. 
The collection of electrons is accomplished by tungsten wire electrodes 
having spiral form with the terminal leads coming out of the vessel 
through high vacuum feed-through electrical connections. This particular 
form was chosen so that the electrodes can perform two functions: 1) the 
collection of electrons, 2) act as heaters for deposition on the internal 
surfaces of the chambers of different metals, such as aluminum, silver, 
gold etc. 

The electronic detection system connected to each chamber is 
composed of a storage capacitor (C = 500 lipF), a regulated D.C. power 
supply, a wideband amplifier and a Tektronix 555 dual-beam oscilloscope. 
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Fig. 3 The electron emission from a metal is directly 

proportional to the light intensity, in agreement with 
the effective photon theory, but in disagreement with 
multiphoton theory, which calls for a slope of 72° of 
the current vs. light intensity plot. 


The wideband amplifier has a bandpass from 200 Hz to 50 MHz, input and 
output impedance 93 ft, gain 40 db, rise time 10 ns and pulse delay time 
40 ns. 


The tests have been done with a constant positive voltage of 2600 V 
at the electron current electrode. At the electron energy electrode a 
positive voltage is applied and reduced at each laser shot until the 
signal almost disappears. At this time the positive voltage of the 
electrode, combined with the negative voltage of the space charge, is 
just enough for the most energetic electrons to reach the electrode. The 
electrode voltage is then kept constant and the light intensity is 
increased. The signal amplitudes are then compared and an estimate of 
the (relative) electron energy, as a function of the light intensity, can 
be obtained. 

Fig. 2 shows an oscilloscope record of the electron pulses (upper 
trace) and laser pulses (lower trace) when the laser delivers two pulses 
of different intensities. It is apparent from this record that the 
amplitude of the electron pulse is proportional to the light intensity. 

To make a better comparison, we plotted (Fig. 3) the peak electron 
current vs. laser intensity obtained from different records and we found 
that the slope of the line was ^45° as predicted by effective photon 
theory. This result has to be contrasted with the prediction of 
multiphoton theory, which calls for a slope of 72°, because n = 3 for the 
irradiated metal (steel of work function W = 5 6 eV). 

It remains now to verify if the maximum energy E „ of the emitted 

J OJ max 

electrons is a constant, as predicted by multiphoton theory, or a 
function of the light intensity, as predicted by effective photon theory. 
From top to bottom, Fig. 4 shows three sets of signals from the electron 
energy chamber (left pictures) and electron current chambers (right 
pictures), taken under increasing values of light intensities from set 
No. 1 to set No. 3. The light intensity was increased by leaving the 
beam collimated and changing the lenses, as indicated on the left of each 
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LOWER TRACES 0.5 V/div 
TIME SCALE OJ^segtfv 

Fig. 4 Oscilloscope records of simultaneous determination of 
(relative) electron energy and electron current for 
different laser intensities. The signals on the left 
records (upper traces) clearly show that the electron 
energy increases with light intensity. 


set of photographs. The lower trace in each photograph shows the laser 
pulse, as monitored with the calibrated photodiode. A positive voltage 
of 300 V was applied to the collector of the electron energy chamber. At 
this voltage, and at the lowest of the possible light intensities, the 
electrons are not energetic enough to overcome the voltage barrier given 
by the space charge and the electron signal almost disappears (Set No. 1, 
left figure, upper trace). When the laser intensity is increased by the 
action of the combined lenses and L^, the electron signal increases. 
This could mean that the electrons are more energetic and can more easily 
overcome the space charge barrier, or that there is a larger production 
of electrons in the chamber. From an inspection of the photographs at 
the right, one has to rule out the latter assumption, because the 
electron pulses are of almost always constant amplitude in all three 
situations. Hence, the electrons are more energetic when the intensity 
is increased. This is again in agreement with the prediction of 
effective photon theory and contrary to that of multiphoton theory. 
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3. EFFECTIVE PHOTON THEORY 


The approach of effective photon theory to the solution of the 
laser-induced gas ionization and breakdown problem follows a pattern 

17—01 22 

quite different from that of either multiphoton or cascade theory • 

Effective photon theory assumes that, at the extremely high intensities 
of light available from modern lasers, as used in the ionization of 
gases, photon-photon interaction begins to play a role with the conse¬ 
quent effect of subjecting the energy of photons to a variation as a 
function of the density of the photon sea in which the light particles 
are immersed. The postulated variation is expressed as 


£ 


hv 

1 - 3 v f(I) 


( 2 ) 


where 3 V is a constant positive coefficient, f(I) a function of the light 

intensity* and the product 3 y f(I) * 0 for low intensity light. Starting 

from (2), the theory proceeds by deducing how many photons, in a laser 
pulse of given temporal and spatial intensity distribution, are "effec¬ 
tive", i.e. have energy equal to or greater than the ionization potential 
of the gas atoms. The ionization process is then considered to follow a 
single-photon mechanism and the number of ions generated to be propor¬ 
tional to the number of effective photons in the laser pulse* 


In the following sections, the theory will be formally developed and 
its predictions will be verified against available experimental results. 

3.1 Mathematical Formulation 


The problem to be solved is the following. Given a laser pulse 
(Fig. 5) whose temporal intensity distribution is assumed for simplicity 
the be triangular and with a gaussian spatial distribution 


*In order to easily compare the theory with the experimental results, the 
light intensity in (2) conserves the conventional definition. In other 
words, it represents a quantity proportional to photon number density. 1 
This is possible because intensity measurements in high power laser 
beams are usually carried out by scaling up measurements done on an 
attenuated beam where £ = hv. 
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I(r) = I Q e , where I(r) is the intensity at a distance r from the beam 

center and I is the intensity at the centre r = 0, deduce how many 

photons are effective and calculate the number of ions produced by simple 
photoelectric effect. The analysis proceeds as follows. First, assume 

ot 

that f(I) = I where a is an undetermined exponent. In a cross section 
of the beam the effective photons are confined within a circle of radius 
r which can be deduced from the equation 

r 


W 


_hv_ 

1 - e v I a exp(-aarp) 


(7) 


where W is the ionization potential of the gas investigated. The 
coefficient 3 V is found by considering another parameter I , defined as 

the peak intensity of a laser pulse containing only one effective photon. 
Necessarily, this photon is located at the point 0 where r = 0 and 


3 


v 


W - hv 



( 8 ) 


Substitution of (8) into (7) yields 


r 


P 



£n 




(9) 


The total number 
beam in unit time is 


of effective photons N 


P 


crossing a section of the 




2tt r 
hv o 


I(r) 


rdr 


7T 

hva 




( 10 ) 


The volume where the interaction effective photons-gas particles takes 
place is considered a cylinder of length M (which depends on the focal 
length of the lens used to focus the beam) and radius 


r (max) = (A in —E.) 2 where I is 


the peak intensity of the laser pulse. 


’m 


The interaction of these effective photons with the gas atoms within the 
focal volume creates the following number of ions: 


dN. = a (N a - N ± ) N p dt 


( 11 ) 


where o is a proportionality constant which depends on the nature of the 
gas investigated and the frequency of light used. Eq. (11) can be 
written in this way 


dN i 


07T 


(!» - O 4“ « 


s a - », 


hva 


dl 


o 


( 12 ) 


o 


At 


For a triangular laser pulse AL. = Two cases can be considered. In 

dl I 

At ° P 

one, the ratio — is assumed to vary from one laser pulse to another. In 

At P 

the second — = K, i.e. the ratio is constant. The integration of (12) 

x p 

between I m and I yields the ion density for the two cases, 
respectively: 
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( 13 ) 



-K.lf1 

o p 1 - 


I_. 2 


] 



where K Q 


N a [1 

air At 
hva 



and Kj 


ottK 

hva 


(14) 


Formulae (13) and (14) are the general relations to be obeyed by the 
laser induced ionization phenomenon. Specifically, they allow the 
calculation of the number of ions generated by a laser pulse of peak 

intensity Ip or, in the case of gas breakdown, the calculation of the 

breakdown intensity threshold 1^ as a function of gas pressure N a , lens 

focal length f and pulse-width At. This is possible because = N^= 

const at breakdown and (13) and (14) yield respectively: 


I 


th 



in 



(15) 


I 






(16) 


3.2 Comparison of Effective Photon Theory with the Experimental Results 


The four relations (13) to (16) are the required formulae to verify 
the experimental results. The first two relations (13) and (14) have to 
be used in the pre-breakdown phase, the last two (15) and (16) are to be 
employed when the parameters of the phenomenon have been measured at 
breakdown. As to the choice between (13) or (14) and (15) or (16), one 
has to look at the information supplied with the experimental results. 

If the laser pulse-width has been maintained constant during the course 
of the experimentation, (13) or (15) will be used. If the pulse-width 
has been varied, which implies that presumably — - const from shot to 

shot*, then (14) or (16) will be used. ^ 

The verification of the theory with the experimental results will 
be a qualitative one because the parameters K Q and appearing in (13) 
to (16) contain the coefficient a which is unknown at present and a 
normalization procedure will be adopted. The other parameter I ra that 

appears in the theory can be deduced from the experiments and means to 
find I m will be provided. 

3.2.1 Intensity dependence of the ionization process. The 
experimental results in this case seem to exhibit a common feature. If 
the laser intensity is just sufficient for the detection of a few ions, 
then any slight increase of light intensity yields a very large increase 
in the number of ions generated. By contrast, when the laser intensity 
is high enough to generate a large number of ions, then a further 
increase of laser intensity yields a linear to quadratic ion production. 
Moreover, the trend of the ionization curves does not appear to be 
affected neither by the wavelength of the light used nor by the nature of 
the gas investigated. 


*This is because, when higher intensities are extracted from the laser, 
the pulse-width increases and the ratio — remains approximately 

► _ p 

constant. 
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I p (watt • cm" 2 ) 

Fig. 6 Variation of total number of ions of krypton and 
helium as a function of laser intensity I in the 

Jr 

focussing region. The experimental points are taken 
from Ref. 11. N is the normalization point. Q is the 
point where the curve begins to have a quadratic 
behaviour. 


These results are predicted by Eqs. (13) and (14). Let us write an 
approximate expression for these equations 


, I m >2 

N 4 “ K N I [1 - —Hi] 
i o a p v J 

P 

»i ■ wJ u - 


(13a) 


(14a) 


obtained after expansion of the exponential function up to the second 
term. From (13a, 14a) it appears that, when I is slightly larger than 

Jr 

l m , the ion density is a rapidly increasing function of I , because of 


I 2 

the quadratic term (1 - —) . When I >>I the term (1 - —) reduces to 

I pm t 

P P 

1 and ion production is linear (13a) or quadratic (14a) with the light 
intensity. On the other hand, the nature of the gas and the wavelength 
of the light used do not appear in Eqs. (13a, 14a), which then have to be 
obeyed by all gases independently of light wavelength. 


1 2 

—2.) reduces to 


A comparison of theory with the experiments can be done only if we 
know I m , the minimum peak intensity of a laser pulse necessary (but not 
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sufficient) to ionize only one atom*. However, we can deduce a value of 
I from the intersection of the experimental points with the line 
corresponding to N. = 1. 

Let us proceed with the verification of the theory. In Fig. 6 the 
variation of the total number of ions is reported, as calculated from 
relation (14), as a function of laser intensity Ip, in the case of 

ionization of Krypton and Helium with a Neodymium laser (X = 1.06 pm). 

The experimental points have been taken from Ref. 11. Relation (14), 
rather than (13) was used because the laser pulse-width has not been 
maintained constant but varied somewhat during the course of the 
experimentation. The normalization point has been chosen at N and I m has 

been assumed equal to 10*^ for Krypton and 9 x 10^ for Helium. As can 
be seen from the figure, the agreement between theory and experiment is 
excellent and the same agreement can be found when we consider other 

gases and different wavelengths^. 


When the analysis does not require the knowledge of I m , because the 

experiment has been carried out for values of I much larger than I m , the 

agreement between theory and experimentation is also very good. Fig. 7 
reports the ionization of Cesium at X = 0.53 pm. The experimental 

points^ lie on the quadratic portion of the curve and insertion of two 
arbitrary values of I (= 10^ and 10 5 ) does not affect the trend of the 

upper part of the theoretical line. 


3.2.2. Time dependence of ionization before breakdown. In a 

2 

crucial experiment by Chalmeton and Papoular it was found that 
d in N (t) 

-, where N (t) is the electron density evolution in the focal 

dt e 

region before breakdown, was independent of laser peak intensity Ip and 
gas density N a and was only a function of time t. 


In order to see if this result is predicted by the present theory, 
we need to rewrite Eq. (13) in terms of time t 


Nj/t) = N e (t) = N a [l - e 


q T I p 

2hva At 




(17) 


At *1 

for t < At, where t m = - is the time at which I = I and single 

x p 

ionization has been assumed to occur in the laser-gas interaction 
region. 


For the range of times t in which Chalmeton and Papoular detected 
light emission, i.e. for times t in which << N a and t » t , Eq. (17) 
is well approximated by 


N i (t) = N e (t) 


a it I 

_ £ 

2hva At 



(18) 


*I m is the intensity necessary for the photon energy to attain the gas 

ionization potential W and for one effective photon to be found in the 
laser pulse. I m cannot however be sufficient to ionize one atom because 

the quantum yield is never equal to 1. 
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Fig. 7 Variation of total number of ions of cesium at 

X = 5300 A. I is the minimum laser intensity required 

to ionize one atom. The experimental points are taken 
from Ref. 15. 


obtained after a series expansion of the exponential function limited to 
the second term. Taking now the logarithm of both sides of (18) and 
differentiating with respect to time t, we get 


d An N e (t) _ 2 
dt t 


(19) 


This relation shows that the variation of the logarithm of the light 
emission with respect to time t is only a function of time t, in 
agreement with the experiment. 


3.2.3. Pressure dependence of the gas breakdown laser threshold 
intensity . We proceed now with the verification of the theory in the 
case of breakdown intensity threshold measurements as a function of 
pressure (or gas density). We shall compare the theory with the 

7—9 

experimental results of Okuda et al • 


From the context of the papers by these authors, it seems that the 
laser pulse-width has not been maintained constant but varied somewhat in 
the course of the experimentation between 50 and 100 nsec. Hence, Eq. 
(16) has to be applied. We first write Eq. (16) in the following way: 
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Fig, 8 Gas density dependence of breakdown threshold intensity 
in cesium, sodium, and rubidium. The experimental 
points are taken from Refs. 7-9. N is the 
normalization point. 


(airK/hva) = Jln[N a /(N a - N b )] (20) 

from which 

N b = N a {l - exp[-( cnrK/hva) 1^] } (21) 

After a series expansion of the exponential function limited to the 
second term we get 

N b « (cnrK/hva) N a 1^ (22) 

from which we get 

I th = ( N b hv a/<™K)* N“ 0 * 5 = const x N" 0,5 (23) 


By plotting relation (23) in Fig. 8 for the case of breakdown of 

7-9 

cesium, sodium, and rubidium , we find excellent agreement between 
theory and experiment. The experimental results of Ref. 10 are also in 
agreement with the theory. In fact, the two limiting relations (15) and 
(16) say that the slope of the lines of the breakdown intensity threshold 
versus pressure varies between -0.5 and -1. This is what has been 
reported in Ref. 10. 

3.2.4. Focal volume dependence of the breakdown threshold 
intensity . Relations (15) and (16), when explicitly written in the 
following way 

I , = 2hva £ n -\— = const# . a (15b) 

cn cnrAt N - N, 

a b 

I , = S —Y = const, (a) 1 (16b) 

tn crrrK N - N K 

a b 

show that in an experiment in which all parameters but the gaussian 
factor a are held constant, the threshold intensity for gas breakdown is 
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either proportional to a or to*(a) T . Now, the factor a is related to the 
lens focal length f and divergence 0 of the laser beam through the 
following expression 


a 


_ 4 &n 2 _ 4 &n 



f 2 e 2 


2 


(24) 


as one deduces from the knowledge that, by definition, the diameter d of 
the focal spot is measured between points where the laser intensity drops 
to one half the value at r = 0, Hence, relations (15b) and (16b) state 
that the slope of the lines of Iversus f ranges between -2 and -1 or, 

in terms of the rms electric field E in the focal spot, between -1 and 

-0.5. This is what has been reported in the literature'* 


3.2.5. Temporal dependence of the breakdown threshold intensity . 

The analysis, in this case, is very simple. The time evolution of the 
ionization before breakdown is given by the approximate expression (18)• 
At breakdown N^ = N^ = const and (18) becomes 

I th = const-t^ 2 (18a) 

which, when written in terms of the rms E field in the focal spot, 
becomes 

rms E th t^ 1 . (18b) 

This expression shows that a plot of the rms E field necessary for 
breakdown vs time t has a slope equal to -1, in agreement with the 

experimental results' 30 . 


3.2.6. Concluding remarks . In conclusion, effective photon theory 
is indeed able to predict, in a unified and consistent way, the 
experimental results of laser-induced gas ionization and breakdown. The 
theory has been formulated from the "ad hoc" assumption (2). In 
Sec. (6.1) we shall provide a theoretical background for that assumption 
which will lead to a determination of the minimum intensity ^of light 

necessary to create one effective photon in a laser pulse. 


4. ALTERNATE THEORIES OF PHOTON ENERGY ENHANCEMENT 

In recent years, at least three models 2 "^" 2 * have been proposed in 
order to explain photon energy enhancement in focussed laser beams. The 

first model is based on standard quantum mechanics formalism. It rests 
on the notion that focussing decreases the position uncertainty of the 
photons, thereby increasing their momentum uncertainty. This, in turn, 
is related to photon energy, which must therefore have a lower bound 
determined by the geometrical focussing parameters, and independent of 

00_ OQ 

light intensity. The second model" 6 is based on classical 
electromagnetic theory. It shows that the frequency spectrum of an 
electromagnetic wave can be related to the properties of the wave-vector 

spectrum, which is a function of the focussing geometry of the light beam 
under consideration. The stronger the focussing, the broader the frequen¬ 
cy or energy spectrum and, here too, the light intensity plays no role in 

such broadening. The third model 0 is based on the postulated exist¬ 
ence of a quantum force F^ = -3 Q, where Q is the de Broglie-Bohm quantum 

potential, which accelerates the photons. Such acceleration persists 
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even at low beam intensity, with small but non-vanishing probability, and 
the only requirement in order to have these energetic photons is that the 
phase relation between neighbouring photon lines of flow be disturbed, a 
fact that can be produced by focussing the light beam, or can be found 
in the interfering zone of intersecting beams. In other words, without 
focussing or other means of disturbing the phase relation, no energetic 
photons are produced. 

The above three models of photon energy enhancement are therefore 
beam geometry-dependent and light intensity-independent. By contrast, 
the effective photon model is geometry-independent and intensity- 
dependent. Such difference leads to testable effects. In the following, 
we shall first analyze more in depth the three intensity-independent 
models, and then describe an experiment designed to discriminate between 
these theories, and verify whether or not higher-than-normal energy 
photons exist at low intensity, in a range where the effective photon 
model predicts that such photons should not exist. 


27 

4.1 Model Based on Quantum Formalism 

This model, based on an application of the Heisenberg uncertainty 
principle to a focussed laser beam, derives a formula for the lower bound 
of the energy E of photons in a focal circle of radius r 

E > he/2r sin 0 = hvX/2r sin 0 = £ X/2r sin 0 (25) 

where 0 is the lens half-cone angle, and £ is the original photon energy, 
before focussing. This formula shows that, in order to have some photons 
of energy E higher than the original energy £, the laser beam must be 
focussed into a circle of radius 

r < X/2r sin 0. (26) 

Since Ineq. (25) and (26) are intensity-independent, higher-than- normal 
energy photons should appear at any light intensity, provided Ineq. (26) 
is satisfied. The question of whether or not they will appear remains 
probabilistic, but obviously the probability will increase with the 
number of photons present in the focal volume. 


4.2 Model Based on Classical Electromagnetic Wave Theory of Laser Line 

Broadening^"^ 

mmmmmmmmmmmmmmmmmmmmammtmmKmtmrnmmmmmmtmmmm 

This model derives a relation between the line broadening Aw and the 
lens focussing angle 20 

to/t» Q = [Kx - 1)]* sin 2 29 (27) 

where 0 ) Q is the center frequency of the laser used, and x is a constant. 

This broadening is then used to calculate the probability Q(W) of having 
photon energies above the ionization potential of a gas or the work 
function of a metal W, assuming as laser line shape a Lorentzian 
distribution of damping factor £ = 0.2. It is found 

Q(W) = [2e X 2 f(e)] -1 exp(-eX), where X = (W - <fiw o )/.ft Aw, and f (e) = 1.08. 

The prediction of this model is that, if a laser pulse contains N 
photons, ionization of a gas or electron emission from a metal irradiated 
with the laser will occur whenever N x Q(W) >1. 


253 



4.3 Model Based on Quantum Potential Theory 


30-31 


In this model the photon is considered as an oscillating localized 
particle with nonzero mass which moves along the lines of flow of a 
four-vector wave field = exp[P + i(S/4)] a^, where P and S are real 

functions of the coordinates X u , and a u is a real four-vector with a u 

a^ 1 = 1. The motions can be derived from the spin-1 Lagrangian J . 


L 


i 

4 




.i u 2 

2 M 


Y 


a: a 1 


(28) 


where a mass term = mcV'fO is added to the Maxwell term - j pv* 

In this stochastic interpretation of quantum mechanics the real part of 
the wave equation 


9 F 
U 


uv = W 2 A v 


(29) 


yields the relativistic Hamilton-Jacobi equation 

a^S 3 U S + m 2 C 2 +-K 2 3^*3^ --fi 2 (OP + 3 U P) = 0 (30) 

i.e. P P 11 + m_c 2 + Q + T = 0, where Q = -(S^PS^P + QP) represents the 

usual de Broglie-Bohm quantum potential and T = 3^a v • 3^a v a spin- 

quantum torque, with a^ = const. Relation (30) shows that the energy 

E = hv = 3S/3T is not, in general, a constant of the motion along a 

photon path, except when Q and T vanish as it occurs in the case of parts 

of linearly polarized beams where neighbouring current lines are both 
straight and parallel. Therefore, if one disturbs the phase relation in 
a laser beam, which can be obtained by focussing, and/or uses unpolarized 
beams, the quantum potential is no longer zero and the photon energy is 
no more a constant of the motion but depends on the value of the quantum 
potential which oscillates violently in the region of the intersecting 
beams. Accordingly, the quantum potential can enhance the photon energy 
and, if hv > W, photoelectric emission can occur at the position of the 
minimum of the quantum potential, namely at the focal spot. As in the 
case of the previous models, this enhancement is not an intensity effect, 

but it would survive even at low intensities, albeit with reduced 

probability. 


5. EXPERIMENT DISCRIMINATING BETWEEN EFFECTIVE PHOTON THEORY AND THE 
ALTERNATE THEORIES 

We proceed now with the description of the experimental setup used 
to detect the possible presence of higher-than-normal energy photons in 
low intensity laser beams (Fig. 9). The setup essentially consists of a 
Ile-Ne cw laser model Melles Griot 05 LLR 851 and of a chamber containing 
two electrodes. The output from the laser is a 3 mW randomly polarized 
beam of 7.7 x 10“ 2 cm diameter at 1/e 2 points and divergence 1 mrad. The 
beam enters the chamber through a quartz window and is sharply focussed 
onto the surface of the negatively charged electrode by means of a simple 
plano-convex lens of 0.34 cm focal length. The ground electrode, in the 
center of which is mounted the lens by means of a thin collar, is of a 
grid type structure so as to allow UV light from a Philips 93109 high 
pressure mercury lamp, when positioned in front of the quartz window, to 
illuminate the negative electrode and release electrons from it by 
photoelectric emission. The negatively charged electrode is made of a 
3.5 cm diameter massive block of aluminum, the irradiated area being 
polished to a reflectivity of 96% at the laser wavelength (A = 6328 A). 
The reflectivity at the UV line wavelength used (A = 2537 A), as selected 
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PRESSURE CHAMBER 


Fig. 9 
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Experimental setup to reveal higher-than-normal energy 
photons in a low intensity focussed He-Ne laser beam. 


with a narrow band interference filter, is 30%. The chamber was slightly 
pressurized at 1 psi above atmospheric pressure with Nitrogen in order to 
have a constant environment around the electrodes. Finally, the Al 
electrode was connected to a 500 pF capacitor, which was charged with a 
regulated DC high voltage power supply to 6950 V through a 100 Mft 
resistor. The other electrode was grounded. Since any electron emission 
from the Al electrode was amplified by electron avalanche through the gas 
and produced a minute spark between the two electrodes, the number of 
sparks was counted with a counter and an amplifier through a 10 
resistance in series with the capacitor. 

The objective of the experiment was the following. If one charges 
to a sufficiently high voltage one of the two electrodes inside the 
pressure chamber, self-breakdown of the gas occurs. This is due to the 
fact that, by field emission effect, an electron is born at that time 
from the cathode material and an avalanche electron multiplication within 
the gas sets in. The current from the cathode material therefore reaches 
at that time a value such that the gas, from a state of almost infinite 

39 

resistance, becomes an almost perfect conductor , i.e. it breaks down. 

A spark is therefore a means of detecting the detachment of an electron 
from the cathode surface. Such electron, on the other hand, can be 
created by other means, for instance by photoelectric effect, with the 
same result as before. A UV lamp can be used for this purpose, supplying 
photons of sufficiently high energy to overcome the work function of the 
cathode material and release an electron. If this is the case, however, 
we have to keep the voltage across the electrodes just slightly below the 
self-breakdown voltage, so as to avoid field-emission electron 
generation. Once it is proven that electrons can be released with a UV 
lamp, a low intensity He-Ne laser beam is then used to irradiate the same 
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cathode material. Normally no breakdown will occur in this case because 
the photon energy is well below the work function of the material. 

However if, by focussing, higher-than-normal energy photons are generated 
within the focal area on the surface of the cathode, as predicted by the 
above theories, they will be able to release electrons from it by simple 
photoelectric effect and lead to breakdown in the same manner as UV 
photons do. Hence, any observed spark will be a means of revealing the 
presence in the laser beam of higher-than-normal energy photons. 

All three theories predict that the appearance of energetic photons 
is a probabilistic effect. The probability therefore increases with the 
number of photons present on the cathode surface at any one time. For 
this reason, the experiment was run with the full available laser 
intensity I on the cathode material, calculated as follows. The diameter 

of the focal circle is given, to a good geometric approximation^ 0 , by 
d = f0, where 0 is the divergence of the laser beam. For a lens of focal 
length of 0.34 cm, beam divergence of 10“ 3 rad, and laser power 3 mW, we 
find I - 3.30 x IQ 4 W/crn 2 . 


This high intensity cold give rise to some competing thermionic 
emission from the irradiated metal. To be sure that this is not the 
case, we calculate first the temperature rise on the surface of the 
cathode caused by I. In the simple case of the heating of a 
semi-infinite solid by a cylindrical beam of diameter 2a, the temperature 
T obeys the Laplace equation 


+ III + £t . o 

3r 2 r 3r 8z 2 


(31) 


00 

which has the general solution T = / f(k) 8 Q (rk) e“ kz dk, where f(k) is 

o 

an unknown function, and 8 Q is the Bessel function. The boundary 
conditions are 


T •> 0 

for 

-Xf -p 

for 

8z 


o 

it 

£|. 

& 

1 

for 

8z 



where nc is the thermal conductivity 
Weber-Schafheitlin integral^ 

oo 

/ 3 Q (rk) • S^Cak^k = 
o 

from which follows that 

f(k) = 8, (ak) 

3Ck 1 


-y oo 

= 0 and r < a 
= 0 and r > a, 
of the solid. We use the 

^1/a for r < a 
0 for r > a 


and 


T = 


Pa 

9C 


/ 

o 


x- * 


(rk) e 


(32) 


This integral cannot be expressed in terms of tabulated functions, but 
the maximum temperatures is achieved at the point z = r = 0, hence^ 2 
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(33) 


T 

max 



Sj^Cak) 

k 



Since the reflectivity of the aluminum cathode material is 96%, the beam 
power density absorbed is 1.32 x 10 3 W/cm 2 , which corresponds to 
3.15 x 10 2 cal/sec/cm 2 . For aluminum dt= 0.5 cal/sec/cm and 
a = 1.7 x 10” 1 *. We have from (33) 


T 

max 


3.15 x IQ 2 * 1.7 x IQ—*+ 
0.5 


0.11°C, 


an insignificant temperature rise. 


We are now in a position to verify if the experimental conditions 
are such to satisfy the requirements of the foregoing three models for 
enhanced energy photon production. 


Model 1 - For the parameters of the laser focussing geometry 
indicated above, the lens half-cone angle is 0 = 6.46° and 
A/2sin0 = 2.81 x 10 _Lh cm. Since the radius of the focal spot is 
1.7 x 10"^ cm, Ineq. (26) is satisfied and higher-than-normal energy 
photons should appear in the focal volume, according to this model. 

Model 2 - For the focussing angle 20 = 2 x 6.46° = 12.92°, original 
laser photon energy 1.96 eV, and W = 4.28 eV (work function of Aluminum), 
we find that the line broadening is 

df Aa) = 0.29 


and X = 7.93. Hence 

Q(W) = 7.51 x 1CT 3 . 

In order to have N x Q(W) > 1, the number of photons in the laser pulse 
must be > 1.33 x 10 2 . This condition has been greatly exceeded in the 
experiment. 

Model 3 - Three conditions are required in order to increase the 
probability of having enhanced energy photons: 

1. strong focussing, 

2. random polarization of the laser beam, and 

3. irradiated metal positioned at the focus of the laser beam. 

All three conditions have been satisfied in the experiment. 

The experiment was carried out as follows. Before each run, the 
chamber was flushed several times with Nitrogen and the pressure was then 
set at 1 psi. The voltage across the electrodes was gradually raised 
until self-breakdown of the gas occurred, which was observed through the 
presence of sparking. The voltage at which self-breakdown occurred was 
7000 V. This voltage was then lowered to 6950 V, after which self¬ 
breakdown disappeared. The UV lamp and interference filter were then 
placed in front of the chamber, so that photons from the A = 2537 A line 
going through the filter illuminated the negatively charged electrode. 

At that time breakdown of the gas resumed. The counter was then set for 
a counting time of 0.3 sec, during which one spark was invariably 
counted. The UV lamp was then replaced by the He-Ne laser beam and the 
counting time, from one experiment to the other, was increased from a few 
seconds to several hours. The last experiment that we performed ran for 
9 hours. Finally, at the end of the irradiation with the He-Ne laser. 
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the UV lamp was put back. Again, we observed one spark in the same 0.3 
sec time period. 

Even with the longest irradiation time of 9 hours, we never observed 
any spark with the He-Ne laser beam. This result allows us to deduce a 
lower bound for the probability of the appearance of higher-than-normal 
energy photons in the focussed laser beam according to the foregoing 
three theories. The probability will be calculated as a ratio of the 
number of UV photons that are capable of releasing an electron from the 
irradiated surface during the 0.3 sec counting time to the number of 
He-Ne laser photons arriving on the same surface during 9 hours irradi¬ 
ation time. 


The UV lamp was calibrated and was known to deliver a photon flux of 
4.18 x 10 12 sec” 1 at X = 2337 A (= 4.89 eV). Since sparks were intermit¬ 
tently produced which discharged the 500 pF condenser (Fig. 9), it is 
necessary to calculate first how many of these photons, during the 0.3 
sec counting time, are able to find the condenser recharged to at least 
6930 V, which is the minimum voltage for gap breakdown to occur with UV 
light. The time required to recharge the condenser to 6930 V through the 
100 resistance is 0.29 sec. Hence, during (0.30 - 0.29) sec =0.01 
sec the voltage across the gap is sufficient to yield breakdown. The 
number of UV photons arriving during such time is 4.18 x 10 10 and, taking 
into account that 30% of them are reflected, 2.5 x 10 10 are the useful UV 
photons. As far as He-Ne laser photons at X = 6943 A (= 1.96 eV), the 
total number arriving during 9 hours of irradiation exposure is 1.23 x 
10* 9 , after taking into account that their reflectivity at the electrode 
surface is 96%. The probability is therefore 


2.5 x lplQ 
1.23 x 10 19 


2.04 x 10“ 9 . 


Clearly, this probability refers only to the presence of 4.89 eV 
photons during a time period of 9 hours. It does not exclude that 
photons of energy higher than the original laser photon energy 
(= 1.96 eV) but well below 4.89 eV be present in the focal volume and 
that their probability of being present there be much greater than the 
one just calculated. 


We would like now to say only a few words on the prediction of the 
effective photon hypothesis in terras of the threshold intensity for en¬ 
hanced energy photon production because this subject will be thoroughly 
discussed in the next Section. It will be shown that, for effective 
photon theory, anomalous effects arise only at photon number densities 
much greater than 6 7r * X 9 cm 9 , i.e., when more than one photon occupy 
a volume of diameter equal to X. In the case of the He-Ne laser light, 
such photon number density is 7.54 x 10* 2 cm - * 9 , which corresponds to a 
photon flux of 2.26 x 10 29 cm"” 2 •sec“* or to a light intensity of 
7.07 x 10^ W*cnf 2 . We were below these figures in the experiment. 

In conclusion, of all the theories advanced, it seems that the 
effective-photon model of intensity-dependent photon energy enhancement 
is still the most successful in explaining the anomalous photoelectric 
effect both, in metals and gases. 


6. EXTENSION OF THE EFFECTIVE PHOTON ANALYSIS 

At the time of the proposal of effective photon theory^ the 
existence of effective photons was postulated and formalized through the 
following photon energy expression: 
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£ = hv*exp (3 v I a ) - 


hv 


(2a) 


1 - 3 y I a 

where hv is the normal photon energy, a and 3 V are positive coefficients, 

and I is the light intensity above a threshold value x th for the effect 

to appear. The above expression applies to all cases of ionization of 
gases with very high intensity laser beams, because I >> 1^ in this 

case. Whenever I is not much larger that 1^ (see the following section 
for details), the correct expression is 

e = hv-exp [B v (I - I th ) a ] “-—- (2b) 

1 - g v (I - I th ) a 

Eq. (2a) provides for some effective photons to exist whenever 3 v I a 

significantly differs from zero, a fact which normally occurs at the 
focus of high intensity laser beams, without precluding that effective 
photons might even exist in unfocussed beams. Moreover, since 
conservation of energy and photon number in a light pulse is obviously 
maintained, eq. (2a) implies that the pulse must have photons not only of 
higher-than-normal energy but also of lower-than-norraal energy. 
Specifically, the conservation of light pulse energy and photon number 
requires that 

hv = <e> = <hv exp [3 V (I - I th ) jl - I th | (a " 1) ] > . (2c) 

where < > indicates averages over the photons in the region of beam 

intensity I. For I > 1^, we retrieve the effective photon expression 

(2a). For I < I^, we have "tired" photons. In other words, in a small 

region of beam intensity I there is a distribution of photon energies £ 

and intensities I. Where locally I > 1^ there are effective photons; 
where I < Ithere are "tired" photons. 

In essence, therefore, Eq. (2a), and even more so Eq. (2c) are 
postulated expressions of a line broadening with light intensity. 
Moreover, one can also interpret Eq. (2a) as postulating that a variation 
of photon energy with light intensity leads to a light frequency change, 
this interpretation being in agreement with the experimental results of 
Ref. (35). Hence Eq. (2a) can also be written as 

e(I) a h (-^-) = hv, (I) . (2a) 

1 - 3 v I a 

This expression states that the energy of a photon or the frequency 
of light are not independent of light intensity but are a function of it. 
Eq. (2a) therefore goes beyond the conventional interpretation of the 
fundamental Planck-Einstein relation £ = hv by introducing a (continuous) 
functional relation between frequency v and light intensity I. Allen’s 
37 

remark that a contradiction exists between Eq. (2a) and Planck-Einstein 
relation is therefore valid only up to the point that, every time the 
photon energy expression is required, one should inquire whether the 
intensity of light is high enough to introduce a correction factor in the 
light frequency. Once the correction factor is introduced and the 
modified frequency v^^ is calculated, all other fundamental formulas of 
physics, such as the de Broglie formula relating photon momentum and 
wavelength, retain their structure. 
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The fundamental postulate (2a) clearly implies the existence of a 
hitherto unknown photon-photon interaction force acting at intensities of 
light much below those predicted by quantum electrodynamics. In Refs. 
(34-35, 43) it was demonstrated that an interaction law for photons can 
be derived from a dispersion-free version of the Heisenberg principle, in 
which equality replaces inequality and A-quantities become sharp. Such 
interaction law yields the prediction that photons do not travel as 
particles in a stream but, because they tend to stick together, they tend 
to form bunches or clumps. This implies that the detection of photons at 
very low intensities cannot be linear with intensity, because it is not a 
single-particle phenomenon. This prediction has been recently verified 

in a number of precise experiments^ • Moreover, the photon bunching 
effect is not new in the literature and actually has been reported on 
several occasions, starting with the pioneer work by Hanbury-Brown and 

44 4 5 

Twiss and best summarized in a recent book by Loudon • We would like 

now to examine if the same interaction law which has led to the foregoing 

results is capable of correctly predicting a characteristic feature of 

the gas ionization experiments, namely the minimum intensity of light for 

ionization effects to take place. Once the theory is shown to be able to 

predict this feature, then it will be a matter of routine to derive the 

coefficients a and of Eq. (2a). 

6.1 Minimum Intensity of Light Necessary to Ionize a Gas 


In the elementary analysis of Refs. (34-35, 43), an interaction 
relation for photons was derived from plausible arguments as 


P 


= const 
r 


(34) 


where r is the distance between two photons and p is the momentum 
transferred along the r-direction from one photon to the other. The 
analysis showed that a photon cannot approach another one any closer than 
a characteristic distance r Q , which was assumed to be the equivalent of 

the wavelength X in the classical wave theory of light. This implies 
that a photon occupies a volume of space equal to or greater than ~X 3 . 

In terms of photon number density N, the maximum allowed value is 
therefore 


( 4 it / 3 ) ( X/ 2 ) 3 

or, in terms of photon flux F 

F th = N#c = 6 c/(ttX^) 
or light intensity I 

I th = F*hv = (6hc 2 )/(irX 4 ) 


(35) 


(36) 


(37) 


where the notation 1^ indicates that this is the maximum intensity at 

which individual photons of energy hv can avoid producing effective 
photons; in other words, it is the threshold intensity required to 
produce effective photons. However, it is well known that, in focussed 
high intensity laser beams, these values are exceeded, in the sense that 
the number density of photons is much larger than (X)” 3 , where X is the 
original laser wavelength. Since photons cannot come any closer than X, 
when this happens a mechanism must be operative, perhaps photon-photon 
inelastic scattering, the consequence being that the photon wavelength is 
reduced and the frequency increased, or the line broadened. In a small 
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region of average light intensity I _, there will be a distribution of 

av 

intensities such that 


I loc = N loc* c,hv loc 


(37a) 


where the subscript loc indicates local values. A laser beam subjected 
to such line broadening will be able to ionize a gas of ionization 
potential W, provided the modified frequency of some photons obeys the 
following relation 

hv : = heap -1 = W (38) 


from which 


X x = hc/W. (39) 

Insering (39) into (37), one gets 

I m = (6 tt h 3 c 2 ) W 4 (40) 

where I is the minimum light intensity required in order to ionize a gas 

of ionization potential W. Eq. (40) is remarkable in predicting that the 
minimum local light intensity I m required to produce an ionization of 

energy W is independent of the wavelength of the incident radiation. 

Clearly, in the interaction of laser light with a gas, such minimum 
intensity has to be exceeded, especially in the case of a rarified gas. 

In other words, because of the rather small cross section for collisions 
between the effective photons and gas atoms, not all effective photons 
will be able to produce ionization of the gas atoms. This is the same 
effect as in the interaction of normal light and a metal surface, in 

which the quantum efficiency^ is of the order of 10” 3 . In comparing 
therefore the theoretical minimum intensity of light I capable of 

producing ionization effects with the minimum intensity I eX p which 

experimentally can produce one ion, one should observe if the cross 
section is constant for different gases. If it is so, one can conclude 
that the theory is capable of predicting the experimental results. 

We have carried out such comparison. In Table t are reported the 
theoretical values of I derived from Eq. (40) for the five noble gases 

and compared with the experimental l eX p for X = 10600 A, as reported in 

Ref. (24). Considering the uncertainty of the data and the approximate 
nature of the theoretical analysis, the ratio of the two intensities is 
indeed constant. 


6.2 Derivation of the Coefficients a and 3 At in the Approximate 
Expression for the Effective Photon Energy 

Since the values so found of I seem to be correct, we can proceed 
with the derivation of the values of a and $ v of relation (2a). Let us 
write 1 in terms of the modified photon energy expression (la) 

I m = N'c'hVj = is-iii- = --. (41) 

TFX 3 [l-e v (I m - I th ) a ] ir{X[ l-g v (I in -I th ) a ] ^ } 


We get: 
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TABLE I 


Gas 

Ionization 

potential 

I m 

m 

^exp 

Ratio 

Helium 

24.58 eV 

1.75x10 3 W/cm 2 

1.1x10* 3 W/cm 2 

1.59x10" 4 

Neon 

21.56 eV 

1.04xl0 9 W/cm 2 

8.0xl0 12 W/cm 2 

1.30x10" 4 

Argon 

15.76 eV 

2.96x10 3 W/cm 2 

2.5xl0* 2 W/cm 2 

1.18x10" 4 

Krypton 

14.00 eV 

1.84x10 8 W/cm 2 

1.2xl0 12 W/cm 2 

1.54x10" 4 

Xenon 

12.13 eV 

1.04x10® W/cm^ 

7.0x10** W/cm 2 

1.48x10" 4 


Comparison between the theoretical values of the minimum light 
intensity I m necessary to ionize the noble gases with Neodymium 

laser light (X = 10600 A) and the experimental values I e • Since 

the ratio between these values is approximately constant (within the 
uncertainties of the data) for such diverse gases and range of light 
intensities as the above, it appears that the theoretical analysis 
is correct. 


^ u - ml, - w "] 4 = • (42) 

In this expression the unknowns are a and 3 V , because I can be taken 
from Table I. From (37) we derive the value of I t ^ for X = 10600 A. It 
is: 1^ = 9.009 x 10 3 W # cnT 2 . Inserting this value of 1^ and taking 

from Table I the values of I m for the pairs of gases (Helium, Xenon) and 
(Neon, Krypton), and averaging the a and 3 V values, we get 

a - 0.01846 

3 V = 0.64384 

for X = 10600 A, and the relation (2a) for laser beams of X = 10600 A is 
therefore 

e(I) = - LiiZ - eV (43) 

0.01846 

1 - 0.64384(1 - 9.009 x io J ) 

where 1.17 eV is the original photon energy. When I » 9.009 x 10 3 
W'cm" 2 , the following simplified expression can be used 

e(I) = - iiiZ - eV. (44) 

1 - 0.64384 i 0 * 01846 

6.3 Derivation of the Coefficients a and 3 - > 1 in the Exact Expression for 
the Effective Photon Energy 

In the previous section, we have assumed that expression (2a) was 
valid and have added the theoretical notion of a threshold intensity 1^ 

for photons to gain energy, which enabled us to derive the parameters a 
and 3 V . 

The origin of the formula (2a) was left undefined. It might have as 
origin, for instance, the compositness structure of the photon itself as 
indicated in Ref. 32, or it might be a first approximation of an 
exponential, as suggested here. 
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If we maintain the latter hypothesis, we can calculate the 
parameters a and 3 V from the exact expression 

e = hv»exp [3 v (l - I th ) ] = hv^ (45) 

The procedure is the same as before. We insert first the above 
expression in I = N # c*hv^ 

I m = N*c*hv 1 = N*c # hv»exp [3 v (l - I ttl ) a ] (46) 

from which we get 

I m X 4 {expt-ByCljjj - I th ) a ]} = 6TT- 1 he 2 (47) 

to 6 V + a to (I m - I th ) = to {-[to(I th /I m )]/4}. (48) 


This is a linear (straight line) relation y = mx + c, if we make the 
identifications 

y = to {-[to(l th /I m )]/4} 

x = to(I m - I th ) 

m = a 

c = £n3 v . 

The values of I m (Table I) are at least 4 orders of magnitude larger than 

the value of I so the subtraction of 1^ in the computation of x is 

insignificant. The least squares straight line through the 5 x, y values 
computed from the data in Table I yields the following values of a and 
3 V , and also standard errors in these computed quantities 

a = 0.09308 ± 0.00088 
3 V = 0.4213 ± 0.0035 . 

These are perhaps better values of a and 3 V than those provided in 

the previous section. However, it is believed that one should now wait 
until the experimentalists come up with some results which, either 
confirm the validity of the approximate expression (2a) or of the 
improved expression (45) , or require an altogether new theoretical 
hypothesis leading to a different effective photon formula. 


6.4 Total Number of Effective Photons Contained in a Laser Pulse and 
their Spectral Distribution 

We shall use the exact photon energy expression (45) in order to 
calculate the total number of effective photons contained in a laser 
pulse, as well as their spectral distribution. 


The analysis proceeds as follows. Let us write Eq. (45) in terms of 
wavelength X rather than frequency v 


hv 


1 


hv e 


B v (l-I th ) a 


(46) 
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Vj = v e 


M I-I t h )a 


X 1 = X e 


-B v (I-I,. h ) a 


th' • 


(47) 


This is the fundamental relation between intensity of light and 
wavelength obeyed by the effective photons. 

Given a typical laser pulse of peak intensity Ip, having a 

triangular temporal distribution and guassian radial distribution of 
intensity 

I Q -ar 2 

I = _J2. t-e ar (48) 

At 

where At is the pulse duration at half-power and a = is the gaussian 

f 2 0 2 

factor (f - focal length of the lens used for focussing; 0 = laser beam 
divergence), the total number of effective photons contained in such 
pulse is given by 


N 


ef f 


2 * p / 
hv At , 


At 


th 


dt / 


t e 


-ar 


rdr 


(49) 


th 


where t^ and r^ are the threshold time and radius, respectively, for 
effective photons to appear in the laser pulse. Eq. (49) calculates the 
number of effective photons, i.e., higher-than-normal energy photons, the 
tired photons being of equal in number. We can derive r^, which is 
the radius where X^ = X. We have in this case 


I = I 


th 


I p _ ~ ar 
—t *e 

At 


2 

th _ 


th 


th 


= [- I In (A 

3 I P C 


(50) 


t ttl is given by 

I, 


th 


th 


At 


(51) 


because r = 0 in this case. Integration of (49) yields 

t At 


N 


eff 


/ t dt [e 


hv At a t 


-ar 2 j 


th 




At 


th At 


I t (- 
hV At a tth X p 


- 1) dt 


ir ^p 


At 


hv At a t 


/ (t-t th ) dt 


th 
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TT P 

hv At a 2 


2 hv a 


[At 


2t th + 


(52) 


This expression can be written in terms of the intensity threshold 


ef f 


tt L p At 
2 hv a 


[1 - 2 

II 
P P 


(53) 


On the other hand, the total number of original photons N or ^g 
contained in the laser pulse is given by 

/ I At 00 2 

N orig = / t dt J e " ar rdr 

UL & hv At o o 


(54) 


Integration of (34) yields 


orig 


hv a 


(55) 


The number of photons in a laser pulse that have not changed wavelength 
is therefore 


XT 

^unpert ~ N orig 


'eff 


(56) 


the number 2 in this expression appearing because the number of "tired" 
photons is equal to the number of effective photons. 

In order now to derive the spectral distribution of the effective 
photons, we shall consider a typical wavelength X c <X and calculate the 

number of photons at this wavelength within a typical bandwith AX = 100 
A, i.e., between X' = X - 50 and X" = X Q + 50. Starting from (47) we 
get 


v 


e l/a (it t „-.r 2 . 


(57) 


from which 


t e -ar2 = _ L _ fto -*-) 1 / 01 + T . 

t 7I7« l * T/ ^ 

p v c 


(58) 


The total number of effective photons of X = X and AX = 100 A is given 
by 


I_ .At 


r X +50 
c 


fL-E / tdt / e 

hv At t x r x 50 


rdr 


2 TT *p 

hv At t ^ 


tdt [■ 


-ar 2 " X c +5 ° 


X c -50 


2a r 


6^“ hv a 


[(An 


1/ a _ 


1.-50 


(*" T 7rr) 1/C ‘] l“ « 

X +50 t-v 


(59) 
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because 


f_ e -ar 2 i rX c +5 ° 


At 


rx c- 50 Ip t 3i /a 




X c -50 


X +50 
c 


(60) 


as derived from (58). Carrying the integration on the right side of Eq. 
(59) one gets 


N- 


TT(At-t A ) 


c 3{/° hv a 


K* n T4r) 1/a - 


V 50 


X c +50 


(61) 


t^ is derived from (58) for r = 0 
c 


v c 


■P 8 


(62) 


Hence 


N' 


TT At 


ay° hv a 


P P V C 


(*n 


A -50 

c 


X +50 
c 


) 1/a ] • 


(63) 


This is the expression to be used to calculate the number of 
effective photons of A = A c and AX = 100 A contained in a laser pulse of 

peak intensity Ip, original wavelength X, original photon energy hv, 
pulse-width At, and gaussian factor a. The threshold intensity I , is 
given by (37). tn 


If one wants to know the shortest possible wavelength ff of the 

effective photons contained in the laser pulse, it can be derived from 
(58) for r = 0 and t = At. One gets: 


L cutof f 


= X 


-8 


v 




) a 


(64) 


We have used Eqs. (53), (55), (56), (63) and (64) to compile Table 
II, which reports the values of N or - g , N eff , N unper(; , X cutoff and N* for 

selected wavelengths from A c = 10000 A to \, utoff , for a Neodymium laser 

pulse (X = 10600 A) of peak intensity Ip, divergence 9=1 mrad, and 

pulse-width 10 nsec focussed with a lens of focal length f = 1 cm. The 
intensity threshold for such laser is !th = 9 • 009 x 10^ W # cm 2, 

ot = 0.09308 and 8.. = 0.4213. If one wants the values of N . , N 

v ong* ef f * 

^unpert* anc * ^ or different At and different f from the ones 

tabulated, they can be easily obtained by knowing that they are 
proportional to At and to the square of f. 
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TABLE II 


^orig 

-- -- -.- . .... . ... -.. ■ '■ .... .' ....* -- 

ip (W #Cli r 2 ) 

10 5 

10 8 

10 u 

10 14 

6.04 x 10 9 

6.04 x 10 12 

6.04 x 10 15 

6.04 x 10 18 

N eff 

2.50 x 10 9 

3.02 x 10 12 

3.02 x 10 15 

3.02 x io 18 

N 

unpert 

1.04 x 10 9 

1.09 x 10 9 

1.09 x 10 9 

1.00 x 10 9 

N X 

A c 

8000A 

3.46 x 10 2 

3.81 x io 2 

3.81 x 10 2 

3.81 x io 2 

6000A 

4.39 x 10 5 

4.83 x 10 5 

4.83 x io 5 

4.83 x 10 s 

4000A 

1.13 x 10 8 

1.37 x 10 8 

1.37 x 10 8 

1.37 x 10 8 

3000A 

0 

2.26 x 10 9 

2.27 x 10 9 

2.27 x 10 9 

1000A 

0 

0 

3.06 x 10 12 

3.06 x 10 12 

500 A 

0 

0 

7.55 x 10 13 

7.69 x 10 13 

100 A 

• 

0 

0 

0 

4.04 x 10 16 

60 A 

> 

0 

0 

0 

7.31 x 10 17 

^cutoff 

3131 A 

1021 A 

124 A 

2 A 


Values of N Qrig , N eff , N unpert , \. utoff and N x for selected 

wavelengths A , for a Neodymium laser pulse (A = 10600 A) of peak 
intensity 1^, divergence 0=1 mrad,10 nsec duration, focussed with 
a lens of focal length f = 1 cm. 


7. CONCLUSIONS 

This review paper on the effective photon theory has covered work in 
this field which started at the beginning of the 1970's, when the first 
results of ionization of gases with high intensity laser beams were made 
available, and has continued since then. 

Since the original "ad hoc" hypothesis, namely that the energy of a 
photon might be a function of light intensity, has not been contradicted 
so far neither by the experiments of laser-induced gas ionization nor 

by those of photoemission from laser irradiated metals, this has led, in 
recent times, to inquire whether these photons might have a classical 
origin. Three theories have been then put forward that explain 
"classically" the existence of effective photons. Of these theories, the 
Quantum Potential Theory is the most complete. It predicts, however, 
that higher-than-normal energy photons are a beam geometry, rather than a 
light intensity effect. An experiment reported in this paper, which was 
designed mainly to test the validity of the Quantum Potential Theory 
claim, has not ruled it out completely and more refined tests need to be 
done. However, the experiment has provided initial evidence that, if the 
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effect is not an intensity effect, the probability for the existence of 
intensity-independent effective photons is rather small. 

By contrast, the confidence acquired in the validity of the 
effective photon formula has led in recent years to inquire about its 
theoretical origin. Clearly, effective photons are a consequence of a 
hitherto unknown interaction relation between photons. From plausible 
arguments this relation has now been derived as a dispersion free version 
of the Heisenberg principle where equality replaces inequality and 
A-quantities become sharp. This interaction relation leads naturally to 
the notion that one cannot have more than one photon in a volume of space 
~A 3 , which is tantamount to saying that intensity and frequency of light 
are related, as propounded by effective photon theory. 

Starting from this fundamental notion, effective photon theory has 
been extended and the minimum intensities of light necessary to ionize 
the noble gases have been derived. Also, the parameters a and 3 V of the 
effective photon formula have been calculated. 

Much work still needs to be done on the verification of effective 
photon theory in different experimental situation. In particular, it is 
believed that the most important requirement at present is the direct and 
unequivocal experimental confirmation of the the existence of effective 
photons in high intensity focussed laser beams. This can only be achieved 
through advanced experimentation of the photon-photon scattering type. 

If scattered photons of shifted wavelength will be found in such 
experiments, then indeed the prediction that photons can be subjected to 
an energy change as a function of light intensity will have received its 
ultimate test. 
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COMPOSITENESS OF PHOTONS AND ITS IMPLICATIONS 
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ABSTRACT 

It is suggested that the photon may be taken as a composite state of 
a neutrino-antineutrino pair when the composite character is described by 
the vanishing of the wave-function renormalisation constant and the 
nonvanishing of a certain composite coupling constant. There must be two 
different kinds of neutrinos, one associated with left circular 
polarization and another with right circular polarization. In this 
formalism these polarizations would have to transform into one another 
under inversion and, therefore, correspond to the same representation of 
the Lorentz group. To construct a photon of spin 1, we shall need 
neutrinos of both helicities. The two neutrinos associated with a single 
photon are both either $-neutrinos (v^) or p-neutrinos (v^); it is 

impossible to say which without reference to the vacuum state. The field 
representing neutrinos would have to be quantized in accordance with the 
parastatistics to allow the existence of neutrinos in the same dynamical 
state. The neutrinos (v^, v^) transform into one another under inversion 

and therefore correspond to the same representation of the full Lorentz 
group. In the above formalism neutrinos are of opposite spin and thus 
neutrinos are parafermions (satisfying parastatistics of order 2). 
Therefore, the neutrino theory of light can be reformulated without 
rotational invariance. In this formalism the photon may oscillate 
between a left-handed and a right-handed photon. It is expected that the 
system of photons interacts differently at very low, intermediate and 
very high photon densities. Thus it is expected that at very high photon 
densities the usual form E = hv may not be valid. Implications of the 
above photonic structure will be discussed in connection with the 
anomalous photoelectric effect, wave-particle duality, replication of 
photons, superluminal transmission etc. Considering the composite 
coupling constant of the photon we will discuss the possibility of a 
stochastic interpretation of quantum mechanics. 


1. INTRODUCTION 

The possibility that the photon may be a composite state of neutrino 

and antineutrino pair was first suggested by de Broglie^ in connection 
with the specific properties of the photoelectric effect. The composite 
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2 

nature of the photon was inferred by Jordan on the basis of statistical 
arguments. However, this type of simple picture of the photon was found 
not to obey Bose statistics because of the underlying Fermi statistics of 
its components. In fact, if two such photons were in the state with 

momentum p, two components v f s and (v f s) of these photons would be in the 

state with the same momentum it. Kronig^ succeeded in constructing the 

photon field out of these neutrinos. Pryce^ has shown that the Kronig 
theory is not invariant under the group of spatial rotations about the 

direction of photon momentum as an axis. Barbour, Bietty and Touschek^ 
argued that a photon in neutrino theory is always longitudinally 

polarized. Ferretti^ suggested that the photon can be considered as a 
limiting state of a bound state of two non-zero mass particles with a 
given angular momentum when the binding energy as well as the mass * 0. 

Perkins^ attempted to solve the problem and has shown in his formalism 
also that the photon operators do not satisfy Bose commutation relations. 
Again, the impossibility of constructing linearly polarized photons seems 

Q 

to be a very serious defect of his theory. But in 1972 Perkins 
constructed linearly polarized photon operators and the theory was shown 
to describe truly neutral photons. A composite photon distribution is 
obtained which is similar enough to Planck f s distribution to satisfy the 
experimental results. To form a composite photon one must give up the 

9 

exact Bose statistics. Bandyopadhyay and Raychaudhuri showed that the 
photon may be taken as a composite of neutrino-antineutrino pair where 
the composite character is described by the vanishing of a certain wave 
function remormalisation constant and the nonvanishing of a certain 

composite coupling constant. Green^ showed how the neutrino theory of 
light can be reformulated, without violating rotational invariance, 
provided the neutrinos satisfy parastatistics of order 2. 

We will discuss in Sec. 2 the photon as a composite particle in 
quantum field theory (QFT). In Sec. 3 we will discuss the parastatistics 
and the compositeness of a photon. In Sec. 4-7, respectively, we will 
discuss the photonic structure, the anomalous photoelectric effect, the 
wave-particle duality, replication of photons and superluminal 
transmission. In Sec. 8 we will discuss the possibility of a stochastic 
interpretation of quantum mechanics. 


2. THE PHOTON AS A COMPOSITE PARTICLE IN QUANTUM FIELD THEORY (QFT) 

The general features of composite particles have been developed by 
different authors on the vanishing of the wave function renormalisation 
constant and the nonvanishing of a certain composite coupling constant. 

Broido^ argued that a composite particle in local Lagrangian QFT is 
obtained by taking an elementary particle and letting its wave function 
renormalisation constant go to zero, Z 3 = 0 in such a way that 

g' z l 

lim -A- (1) 

Z 3 + 0 Z 3 6m 2 

is finite and nonzero, where g f is the renormalised coupling constant and 
6m 2 is the mass shift describing the composite particle. In quantum 
electrodynamics (QED), within the framework of the perturbation theory 
(QEDP), 1 diverges to all orders. The divergence of Z^ 1 is an 

ultraviolet divergence which will have to be removed by cut-offs. Thus 


272 



the Z 3 -*■ 0 transition process is accomplished by the transition A 2 00 , 

where A is the cut-off factor. Hence, in QEDP the divergence of 1 has 

nothing to do with the zero rest mass of the photon and would persist 
also for small non-zero values of the renormalised photon mass. 

Therefore, zero is not an isolated point of the spectrum of p 2 for the 

photon field; if this is regarded as a composite, there is no particle 

interpretation for it. Pointing out these drawbacks Broido^ argued that 
in QEDP the photon cannot be taken as a composite state of an electron- 

positron pair. Broido^ also reached the same conclusion from an 
analysis outside the framework of the perturbation theory. 

Bandyopadhyay suggested that a photon can interact weakly only 
with two-component neutrinos having an interaction Lagrangian of the form 

L = igfYjj'f’Ay = ig^Y y ( (2) 

Here <|> is the two-component neutrino wave function and ^ is the four 
component function defined as 

<(> = - (1+y04> (3) 

2 3 

where g is the photon-neutrino weak coupling constant (g = lCT 10 e). It 
cannot behave as an electric charge due to the equivalence of two- 
component neutrinos with four-component majorana neutrinos. For a 
majorana neutrino, 

X(x) = e" 1 x(x), (4) 

and therefore x( x ) does not allow the gauge transformation of the first 
kind, 

x(x) + e l0t x(x). (5) 


Thus, the majorana neutrino does not admit of gauge transformations of 
the first kind, but it does admit of a Y 5 gauge transformation. Let us 
take the Hamiltonian for the two-component neutrino (Weyl) field 
interacting with an electromagnetic field: 
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T * + T 



•n>Y y <►"<l>Y y T cj>] + h.c. 


This is invariant under the gauge transformation 

+ + e i g A(x) ^(x) 

3A 


A H * A U + 9x 


y 



but the transformation (7) does not allow the neutrino mass to be 
strictly zero. However, the Hamiltonian is invariant under 


iY s a 

<{> + e <f> 


( 6 ) 

(7) 

( 8 ) 


(9) 


and ensures that the mass of the neutrino before and after interaction is 
always zero. 
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The associated conservation law: 


3 J = 3 (6 y <J>) = 0 
y y y VY 1 y Y ' 


( 10 ) 


Now, following Ryan and Okubo 

* 

5 


13 


VtfrV " 1 = -±- (1+yO X(x) 

2 


(ID 


where x(x) is a majorana field, 
X(x) = [x(x) + c _1 x(x) ] 

<f>(x) = (1+Yr) x(x). 

2 3 


( 12 ) 

(13) 


We can write: 


VHV 


.-1 


= H' = -L [x Y 

rv »• 


3 Y - ■ __ 3y 


8 


^ 3x 


y 


3x 

y 

tjt- 


V 


Y*X ♦ XY„ T 


3x 



y 


3x 


y 


- ^ [xY y Y 5 X-XY 5 Y^x] A y + h.c. 

Other parts vanish because of the majorana condition on x(x). 
(14) is clearly invariant under the gauge transformation, 

igYcA(x) 

X(x) + e ^ X(x) 

3A 


(14) 


Equation 


(15) 


^ + A + 3x 


u 


and from the gauge invariance equations ( 8 ) and (15), it is clear that 
the photon mass is zero. 


The associated conservation law is 

Vy5 = y xv 5 x) = 0 

Clearly, the theory is renormalisable. 


(16) 


The majorana neutrino, however, allows the formation of the pseudovector 
XYyY 5 X and thus may allow the pseudo charge (chiral charge)1^>15, 

q = / d 3 x x + Y 5 X, (17) 


in terms of Weyl operators, 

q» = -f d^ x (f)" 1- <|>. 


(18) 


Therefore, the coupling constant in photon-neutrino weak coupling cannot 
behave as an electric charge of a neutrino. 

Now, with an analysis similar to that in QEDP, we can use the fol¬ 
lowing spectral representation to calculate 1 for neutrino dynamics: 

00 j 


zq 1 = / dff 2 P r (p 2 ) 


(19) 


where 


P R (a 2 ) = <5(a 2 ) + g 2 /12 ir 2 


6( p 2 ) — , 
„2 


( 20 ) 
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with 


6(a 2 ) = 1, a 2 > 0 
= 0, a 2 < 0 

It is to be noted that here we come across the same divergence 
difficulties as in QEDP which has to be removed by cut off. Apart from 
the dependence of Z 3 on the mass and coupling constant, it is also 
dependent on the cut-off factor. We can write in a general form, 

A 2 2 

Z 3 1 = 1 + / f(M 2 , g 2 , m ) > (21) 

o M 2 

where m is the renormalized photon mass. However, it is observed that 
P 

for photons and two-component neutrinos the renormalized mass as well as 
the bare mass is zero due to the above-discussed gauge transformation. 
Thus zero is essentially an isolated point of the spectrum of pj for the 

photon field. This shows that, in neutrino dynamics, the vanishing of Z 3 
arises from its functional dependence on the external parameters. Thus, 
the main difficulty which crops up in using the Z 3 = 0 condition in QEDP 
is removed in neutrino dynamics. In view of the above conclusion, we 

condition (1). We write explicitly the 


^ u) ( 22 ) 


have seriously considered 
renormalised constant, 




* = Y * 


2 ,(u) 


p 


p 


z l ‘frv 

= Z l Z " 1 * v (u) Y 

A = Z~2 A ( U ) 

P 3 p 

-1 \ (u) 

g z x z 2 z 3 g 


where <p is the two-component neutrino wave function. The superscript (u) 
stands for unrenormalized. Here the two-component neutrino current 

♦ V Y *v is a conserved quantity and therefore the Ward-Takahashi identity 

holds for neutrino dynamics. As a result we get Z^ = Z 2 and Z 3 = 0 for 

vanishing bare spinor mass^. Maris et al^ have shown that, in this 
special case, Zj = Z 2 = 0 in all physical gauges. Evidently this result 

is also valid in neutrino dynamics. Following Kang and Land^ we have 
found Zo m 2 = lim sZ(s). Again we have Z, = lim T(s). Now, for Z q = 0 

0 s 4 -go 1 s -><» 

and Z-^ - 0 , we find that the asymptotic behaviour for the field theoretic 

yZ I 

quantities in the approximation of elastic unitarity lim -r is finite 

Z,-K) Z Jm 2 

Q OO 

and non-zero . Thus, the condition of compositeness is satisfied in 
neutrino dynamics. 

18 

Raychaudhuri suggested that the weak-interaction photon does admit 
of the usual gauge transformation and, apart from electromagnetic inter¬ 
action, the photon can also take part in the weak interaction with all 
other particles, with a coupling constant g= 3 xl 0 “^e which is different 
from Bandyopadhyay's coupling constant (10“ 1 °e). A parity-violating 
direct coupling to a hadron is expected to exist with a coupling constant 

10“°e to 10“°e as a consequence of weak interactions • The effect on 
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of such a weak electromagnetic coupling is typically included among ex¬ 
change effects or off mass-shell effects and has been calculated to make 

a contribution of 1CT 3 to 1CT*® to The effect of the coupling 

constant proposed by Raychaudhuri 18 is to change the rate of astrophysical 
neutrino processes by 10”^ or 10"“ 3 order less^ . If we take this coupling 
constant, then all the results calculated by Raychaudhuri during 1971-1972 
provide evidence for the existence of a weak interaction of photons^ 


3. PARASTATISTICS AND COMPOSITENESS OF THE PHOTON 

24 

Ken-ichi Ono ascribed the origin of nonconservation of parity to 
the asymmetry of the internal structure of particles rather than to the 

asymmetry of space. Raychaudhuri Z3 suggested that the neutrino in any 
process may occur in the forward and backward direction. The total 
energy emitted for the decay process may be actually shared by both 
neutrinos (i.e., and v^) in the forward and backward direction. The 

asymmetry in the 3-decay process appears to be due to the asymmetry of 

the pair of (e v^), (e v^) occurring in the process. Raychaudhuri' 1 

suggested that the solar neutrino flux discrepancy may be accounted for 
if neutrinos undergo oscillations so that the beta decay energy is shared 
equally between V-^(v £ ) and v r( v jj)> thus considerably reducing the flux 

and mean energy of the v £ to which the 37 C1 reaction of Davis experiment 
is sensitive. 

A well known theorem of quantum mechanics shows that, if the inter¬ 
change of two similar particles does not produce a new state, the parti¬ 
cle must satisfy either Fermi statistics or Bose statistics. After the 
discovery of two neutrinos the situation changed. The fact that all the 
neutrinos are not identical, although they are dynamically indistinguish¬ 
able, has shown that elementary particles are not completely character¬ 
ized by mass and spin, but that some other invariant is needed. However, 
it is conceivable that the two particles should be dynamically similar, 
i.e., they correspond to the same irreducible representation of the 
Lorentz group, but aren’t identical. If this possibility is admitted 
(e.g. for neutrinos), then the particle concerned may satisfy statistics 

more general than Fermi or Bose statistics. Green^ has shown that the 
neutrinos are parafermions (they satisfy parastatistics of order 2). 

This not only accounts for the existence of distinct particles but also 
provides a suitable invariant by means of which the particle may be 

distinguished. Green^ showed that if neutrinos are parafermions, 
photons can be composite pairs of neutrinos and antineutrinos. According 
to Green, there must be two different kinds of neutrinos, one associated 
with left circular polarization and another with right circular 
polarization of the photons. In this formalism, they would have to 
transform into one another under inversion and therefore correspond to 
the same representation of the Lorentz group. Again, since the two 
neutrinos are associated with the electron and muon respectively, the 
application of parastatistics to the neutrinos has consequences for the 

leptons in general. According to Green^, a natural extension allows us 
to infer that the electron and muon are also parafermions. They are 
represented by the same field variable and Dirac’s equation can be 
formulated in a way which allows for the prediction of light and heavy 
particles. 
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Thus the neutrino theory of light can be reformulated and there is 
no difficulty in thinking of the photon as a composite state of a 
neutrino and antineutrino pair. 


4. POSSIBLE STRUCTURE OF THE PHOTON 

A non-zero mass for photons destroys the gauge invariance of 
electromagnetic theory. This gives rise to a longitudinal photon besides 

27 

the transverse one. According to Bass and Schrodinger the interaction 
of longitudinal photons with matter is so feeble as to make them 
irrelevant for the attainment of thermal equilibrium in a cavity. Its 
wall would be essentially transparent to them. The reason for this is 
the tremendous Lorentz contraction of longitudinal fields when going from 
the rest frame of a photon mass to the cavity rest frame. Hence, one 
cannot eliminate the photon mass only on the basis of the absence of the 

o o o 

— factor in the Stefan-Boltzmann law. Again, according to Schwinger , 

2 

gauge invariance has nothing to do with the vanishing mass of the photon. 

We also suggest that y 5 invariance does not necessarily imply that the 

mass of the neutrino is strictly zero. There is some evidence that the 

29 

neutrino mass cannot be zero • At absolute zero temperature only the 

combinations of + v e (v^ + v l) anc * v e + V ]/ V L + "^R^ are sta ^l e » But, at 

slightly higher temperatures than zero, the left-handed photon is a 
combination of and (or v R + v^). Similarly, the right- 

handed photon is a combination of and + v^(or + v^) # These 

are stable. For conservation of parity the above combination for the 
structure of the photon is proposed. Thus, the system of the photon is a 
combination of a right-handed photon and a left-handed photon. In this 
formalism a photon is oscillating between left-handed photon and right- 

handed photons. The structure V L + V R (or v R + v-jO will be between 

+ v L and V R + "^R in this photon system. That is, the photon system 

may be both circularly polarized and plane polarized simultaneously. 
Therefore, the photons in a beam may be arranged in a geometrical pat¬ 
tern. An interesting point is that the photon is an oscillating particle 
which moves on the average along the lines of a continuous wave vector 
field A^. 

We suggest that the number of longitudinal photons (+ v^, 

V R + t ^ ie Ph° ton system will depend on the number density of 

photons. As the number density increases, the proportion of longitudinal 
photons decreases and the average photon separation decreases. This is 
due to the clustering effect of the mutual interactions of photons, 

(i.e., neutrinos and antineutrinos) so as to form a type of lattice 
structure. 

When the photon system is placed in an atom, the and 

V L + portion of the photon changes to and V R + V R* When the 

spin direction of the neutrino is changed (i.e., and "v^ in 

and V L + V the energy will be increased more than that of the 
original structure; they must therefore come out from the system to 
ionize the atom. In our structure the longitudinal photon (and 
Vr + pair) will be in the middle of the system and, therefore, the 
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energy will be increased in the middle of the pulse. The photon energy 
varies with the decrease of the number of longitudinal photons. When a 
photon whose energy has increased relative to the energy of the 
surrounding photons will get out and ionize an atom, the reshuffling of 

the system of photons induces the exit of and + "v^ pairs from 

the system of photons. Energy gain by the photon (in order to conserve 
energy) can only be obtained at the expenses of energy loss from 

30 

surrounding photons; this effect is similar to Panarella's effective 

31 

photon hypothesis but unlike the quantum potential hypothesis • During 
the superposition of wave packets a wide range of photon frequencies will 
appear due to the reshuffling of the system of photons. 


5. THE ANOMALOUS PHOTOELECTRIC EFFECT 

30-32 

Panarella has pointed out that ionization of gases induced by 

laser radiation has been observed where it should not because the energy 
of the incident light quanta is supposed to be a factor of 5 or more 
below the ionization potential of the gases investigated. He pointed out 
that the classical theories, e.g. multiphoton and cascade theories, 
cannot explain the experimental results. He therefore advanced the 
effective photon hypothesis which states that the expression E = hv 
should be modified into the form, 

E=--i ?.y . hvexp [g f (I) ] , (23) 

[l-B v f(I)] V 

where E is the photon energy, h is the Planck constant, v is the light 
frequency, I is the light intensity, and $ v is a coefficient whose 

product with f(I) significantly differs from zero only in the case of 
high intensity laser light. The above expression implies that the photon 
energy may reach values above the ionization energy of the gas atoms. 


We wish now to derive how the photon energy enhancement occurs in 
our photon structure. A particle in a many-particle system constantly 
affects the potential it feels from the other particles. If the photon- 
neutrino weak coupling exists, then a neutrino and an antineutrino in the 
photon sea can be considered to be bound by the force corresponding to 
the exchange of a photon. It may be assumed that the potential 
corresponding to the binding force between a neutrino and an antineutrino 
helps to keep the neutrinos and antineutrinos bound quasielastically to 
their equilibrium positions, just as the electromagnetic interaction can 
be considered to keep the oppositely charged particles in a dielectric 
bound quasielastically to their rest positions. Eventually, any external 
electromagnetic field, by its weak interaction with the neutrinos, will 
displace them from their equilibrium position. This will give rise to a 
polarization effect, similar to the polarization of a dielectric. In a 
photon, the neutrino and the antineutrino constitute a single dynamical 
system. Any interaction on a single neutrino is an interaction on the 
system which affects the state of the whole system. Therefore, we can 
take the effective energy of a photon in a beam of photons (i.e., the 
system of neutrino and antineutrino pair) as 


_hv_ 

[l _ 4TTNg 2 C 2 1 

m( v 2 -v 2 ) 


(24) 


where m is the mass of the neutrino, v Q is the characteristic oscillation 
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frequency of the neutrinos in the sea, g is the coupling constant 

3xl0“^e , and N is the number of neutrinos per unit volume. If v 
for any natural photon, we get 


o 


E » 


hv 


[i 


4TTNg^C^ 


mv 


<< V 

(25) 


This relation actually corresponds to the energy of a photon propagating 
in a sea of (free) neutrinos and antineutrinos (i.e., in a sea of 
photons). Thus the interaction force between neutrino and antineutrino 
(i.e., between photon and photon) is responsible for the energy variation 
with the neutrino density (photon density). The enhancement of photon 
energy depends on the photon mass, number density and composite coupling 


Taking g=3x 10 e 


m 


= 10 ^eV, V = 10 15 /sec and N = 2.4x10 21 . 


constant. 

we get E = 10 hv. In this way it is possible to explain the observed 
photoelectric effect when extremely high intensity laser beams are 


30 

focussed in a gas • Here we have taken N as the neutrino density which 
is almost equal to half the photon density due to the compositeness of 
the photon. We will get the enhancement of photon energy when 2.64x10 6 < 
N/mv 2 < 2.6455xl0 8 is satisfied. If v = v we must take into account the 
damping term in equation (25). 


6 . WAVE-PARTICLE DUALITY 

33 

It has been suggested by Panarella that the single particle 
concept of the photon should be modified in order to explain some results 
obtained by him in diffraction experiments. In our photon model, the 

V L + V R anc * V R + ^L P a; *- r i- s i n middle of the system of photons. We can 

expect therefore that diffraction and interference phenomena are not 
single particle phenomena as the photon is made from the combination of 

V L + V V R + V V L + \ and V R + V Photons are clumped together due 

to the mutual attractive forces, i.e., due to the attraction of 
neutrinos. Photons are arranged in a geometrical shape. In our model, a 
right-handed photon and a left-handed photon constitute a single 
dynamical system. Any interaction on a single photon is an interaction 
on the system and affects the whole system. Before entering an 

interferometer, the system is split in two parts: one part is + "v^ 

and v R + (^ + v R ) , the other is v R + ”v R and v-^+ (v R + "v-jO, which 

recombine out of the interferometer and produce the observed diffraction 
phenomena. If they come from the same source we will find the correla- 

tion observed by Hanbury-Brown and Twiss J • It is observed that the 
probability for finding two photons right on top of each other is twice 
the value for finding two photons at a large separation. Interference is 
already there within the system of photons. If the photons come from the 
two different sources and enter an interferometer, they will still inter¬ 
fere only with themselves. Since the structure of the system of photons 
depends on the number density of photons, the diffraction pattern also 
depend on e n mber density of photons. When the photon density is 

high, interference occurs between v^+ v L and v R + v R as there are very 

few v R + v L and + v R pairs in the system. But when the number density 

is low, interference will be small due to the reasonable proportion of 

v R + v L and + v R pair in the photon system. We believe that, when the 
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number density is high, the and grow in proportion to 


light intensity. If we gradually reduce the intensity of light, then, in 
the photon structure, the + v R and pair gradually increases; 

thus the photon clump will expand and the photon flux per unit area will 
decrease. In this case each clump will be well separated but still its 
shape will be geometrical. By this means we can explain Panarella's^ 
observation that, at low intensity (low density), the photon flux per 
unit area decreases faster than at high intensity (high density). In 
conclusion, we suggest that the diffraction and interference phenomena 
can be described by the wave nature of clumped photons. 


7. REPLICATION OF PHOTONS 

It is well known that for certain nonseparably correlated EPR pairs 
of photons, once an observer has made a polarization measurement on one 
member of the pair, the other one, which may be far away, can be for all 
purposes of prediction regarded as having the same polarization. If this 
second photon could be replicated, and its precise polarization measured 
as above, it would be possible to ascertain whether the first photon had 
been subjected to a measurement of linear or circular polarization. In 
this way the first observer would be able to transmit information faster 
than light by encoding his message into his choice of measurement. If 
photons can be cloned, a plausible argument can be made for the 
possibility of faster than light communications. 

Three possible ways to replicate photons are: 

a) Conservative replication: The original photon (mixture of right- 
handed and left-handed photons) remains intact and a new photon is formed 
from an amplifier. With this mechanism it is not possible to produce 
several copies of a photon system, each having the same state as the 
original. 

b) Semiconservative replication: When the original photon interacts with 
the amplifier, we will get two photons at the first stage which contain 
one new neutrino (antineutrino) and one original antineutrino (neutrino), 
as the photon is a composite state, a neutrino-antineutrino pair. 
Ultimately, we will get only two photons (which contain one new neutrino 
(antineutrino) and one original antineutrino (neutrino)) with many 
photons. In this mechanism, too, there is no possibility of producing 
several copies of a photon system, each having the same state as the 
original one. 

c) Dispersion replication: This mechanism involves the distribution of 

the original neutrino-antineutrino pair (+ v-^, + v^, + v^, 

Vr + v L ) among the four (neutrino-antineutrino) chains of two new 

photons. In our model one photon contains two chains. If this type of 
replication is observed, then it is possible that the amplifier can 
produce photon systems with arbitrary polarizations. But the linear 
character of the quantum mechanical evolution does not allow arbitrary 

35 

states of polarization • In all these mechanisms, angular momentum 
should be conserved. 

Thus it is not possible to produce several copies of a photon, each 
having the same state as the original. Perfect and certain replication 
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of any single photon is impossible and information faster then light is 
not possible. 


8 . QUANTUM MECHANICS AS A STOCHASTIC PROCESS 


From the very beginning of quantum mechanics there were attempts to 
interpret it as a stochastic process. The stochastic quantum mechanics 
is able to reproduce all the predictions of nonrelativistic quantum 
mechanics, but it has the following feature: the diffusion drift of the 
random motion of a particle in the medium is not preassigned, but depends 
on the wave function which characterizes an ensemble as a whole. 
Therefore, the procedure of preparation of the quantum ensemble strongly 
influences the properties of the underlying medium. 

Guth J has derived the classical uncertainty relations by 
prescribing uncertainty for long times and certainty for short times. 

The complementary quantities will then be the co-ordinate and an average 
momentum. The physically simplest and clearest example for these new 
uncertainty relations comes from the theory of Brownian motion, 

lb 

particularly Rayleigh’s problem (one dimensional). Guth considered the 
slowing down of a large particle of a given velocity by multiple 
collisions with a gas of small molecules. For short times before any 
collision occurs, there is no statistical description and therefore we 
have certainty. For long times, the multiple collisions introduce 
statistics and we have uncertainty. Here we will examine the hypothesis 
that the particles in a neutrino (degenerate) sea are subjected to 
Brownian motion. The motions of the Brownian particles are maintained by 
fluctuations in the collisions with neutrinos of the neutrino sea. Here 
we are considering the slowing down of a particle (say an electron) of a 
given velocity by multiple collisions with a sea of neutrinos. The 
slowing down of a particle in a given medium Can be described by Kramer’s 
36,37 

equation 9 , 

— + £ — - 1 — (pf) = 0 , (26) 

3t m 3 q T 3 p 


where p and m are the momentum and mass of the particle, t = m/y, and y 
is the frictional constant. The third term in equation (26) is due to 
frictional forces. According to Stokes’ law, 

EL = 1 = JL_ , (27) 

y t 6irrri 


where r is the radius of the particle and n is the coefficient of 
viscosity of the surrounding medium. Taking the first two moments with 
respect to p of equation (26), we obtain a system of two first order 
differential equations: 


in + li = o 
3t 3q 

T ii + o — + j = o 

3t 3q 


(28) 

(29) 


where 


n(q,t) = /f dp, j(q,t) = / D = t/m 2 / 2^- dp , 

m n 

and the approximate assumption is made that D is independent of q. Both 
n and j satisfy the telegrapher’s equation in the form 
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( 30 ) 



i r n i 

Di -] [.] - ° • 
3x 2 3 


q r •a- 

Guth J0 pointed out that the telegrapher 1 s equation (30) with t = - 

me 2 

satisfies the Klein-Gordon (also Dirac) wave equation for a free particle 
if the factor exp [-(i/ti mc 2 t] is split from it. But, in this way, the 
well-known formal transition from the classical diffusion equation to the 
Schrodinger equation, obtained by introducing an imaginary diffusion 
coefficient D = ih/2m, persists. The time, according to relativity, can 
be expressed by an imaginary relaxation time x, and all this is true also 
for the three-dimensional case. It was suggested that there exists a sea 
of degenerate neutrinos and antineutrinos in the universe which can be 
held together in an equilibrium position by the binding force generated 
by the weak interaction of photons. We consider that the medium is in 
the form of a neutrino sea. Although the neutrino-antineutrino interac¬ 
tion is very small, we can think of some frictional effect in the neutri¬ 
no sea. This means that the Brownian motion of a particle cannot be very 
smooth and velocities will not exist. We know that the 3°K cosmic 
microwave background corresponds to an energy of 3x10"^eV and since we 
have taken the photon as a composite state of a neutrino-antineutrino 
pair, we can assume that the temperature of the neutrino is also 3°K. 

With this consideration in mind we shall calculate the value of x. 

For the case of a weak interaction of photons with coupling constant 

g(=10" 8 e) the cross section for the vv + vv interaction can be written 
as 


a 


vv 


10“ 22 4 2 

= “- g H cm 

E 2 


where E is in Mev. The 


n 


vv 


— p t 

3 H v vv 


i 

3 


» 
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coefficient of viscosity is defined as 

P —42- . JL. . 

V A 

(E/ch) g 4 


(31) 


(32) 


If we consider that the universe is finite and its radius R is 10 28 cm, 
then the mean free path ct vv of a neutrino should be within the radius of 

the universe to get the effect of the neutrino sea. Since 

ct ... - —1- - ——— — - 10 28 cm (33) 

V V / 

a vv n v (E/ch) g 4 

we know that 

P vv - 3 x 10“ 21 E 4 g/cm 8 (34) 

where E is in eV. Therefore: 


n 


vv 


3 x IQ' 


-25 


(35) 


Thus x - 10 7 g^ sec = 10" 21 sec for r = 2x10" 11 cm, which is almost the 
Compton radius of the electron. If the motion of the electron is 
described by a Markov process in co-ordinate space as in the Einstein- 

39 

Smoluchowski theory , then, in order to calculate x we will consider the 
second restriction on the validity of Stokes 1 law which is 
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_ a&m 


(36) 


o 

6 irTir 

where a > 1. We take a = 1.21 and l = 3x10“" 11 cm = xc. For 
r = 2.4xlO~H cm, x = 10”^ sec. The result x - lCT^l and r = 2xlCT** cm 
by both of these methods suggests that the neutrino sea connected with 
the weak interaction of photons with coupling constant 10” 6 e may be the 
sub-quantum medium of Bohm, Vigier and de Broglie in the universe. 


9. DISCUSSION 

Photons usually satisfy Bose statistics and the compositeness of the 
photon can be thought of as a fermion pair. Therefore, it is natural to 
inquire about the relationship existing between these two descriptions. 
Obviously the fermion description must be deeper and also more complete 
because the system is a fermion pair. The boson description, however, is 
not and cannot be a complete description. The boson description can only 
apply to the behaviour of the system as a whole; it cannot give any 
information about the particle inside. In other words, in the boson 
description, the internal structure must be frozen. There must be a 
fundamental interaction between a neutrino and an antineutrino to form a 
composite photon with coupling constant g. In the photon structure which 
we have proposed, it is possible that a wave packet of a photon (or of 
photons) can be divided into two parts and can be separated in a 
macroscopic distance. 

The influence of the neutrino sea on the radiative corrections in 

quantum electrodynamics may be calculated. This was studied by Aurela^. 
Such corrections should exhibit space and time variations due to 
variations in the neutrino sea. We assume that the distribution of 
neutrino matter in the universe follows the same pattern as the 
distribution of matter. Therefore, in the region near massive bodies, 
the density of neutrinos and antineutrinos will be greater than in remote 
regions. We also suggest that a neutrino sea (finite medium) exists 

which may be capable of transmitting electromagnetic radiation^. 

It should be mentioned here that, if we consider the neutrino sea as 
a fluid, then it is possible to show that the quantum potential - 

2 m a 

may be conceived as originating from internal stresses in the fluid, even 

/ O 

though this stress depends on the derivatives of the fluid density • It 
may be possible to explain the enhancement of photon energy due to the 
above quantum potential which arises from the internal stress in the 
fluid. Thus, when photons that emerge from an atomic cascade with well- 
defined intensities interact with optical devices (such as a linear 
polarizer or a quarter wave plate), they undergo stochastic changes of 
intensity in addition to the change in polarization. 

The BCS theory of superconductivity can be applied to the cosmic 

neutrino sea 4 in the weak interaction theory of photons and may have 
interesting implications. 

It may be mentioned here that Pecker et al^ claimed that some 
redshifts can be explained by considering a new type of process in which 
the incident photon scatters inelastically on 3°K radiation to give four 

4 S 

less energetic photons. But Adrovandi et al showed that such a process 

does not lead to strong peaking in the forward direction which is 
necessary in order to obtain a point-like image of the source. The shift 
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of the spectral line corresponds to the decrease of energy of a quantum, 

i.e. a loss of part of the energy of a quantum on its way from remote 
objects to the terrestrial observer. On its way to the observer the 
quantum interacts with the 3°K photon and gives up a portion of its 
energy to it. Since the photon is taken as a composite of a neutrino and 
antineutrino pair, we suggest that the photon is scattered on a neutrino 
(i.e., 3°K radiation) by 


Y + v y + v 


(37) 


and loses part of its energy on its way to the observer, where: 

da = __!_ . 1 

dft (4it) 2 E E f (1-cos0) 


(38) 


in which E is the incident energy of the photon and Ep is the energy of 

the neutrinos. The process y + v ->- Y + v may explain the observed 
spectral shift as there will be strong peaking (see equation (38)) in the 
forward direction, which is necessary in order to get a point-like image 
of the source. 
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ABSTRACT 

It is shown how the logical status of axioms and of the imaginary 
number i are isomorphic. Logical meanings for various number forms are 
discussed. Exponentials of 2 and of e can be shown to refer to discontin¬ 
uous and continuous designations for their exponents, respectively. The 
equal symbol in equations can be mapped to transfinite ordinals, so that 
exponentials of such transfinite quantities labelled with i, can refer to the 
set of all sets of physical situations to which an axiom, in the form of an 
equation, applies. This may be useful in interpreting and unifying Psi and 
Electromagnetic wave functions. 


I. INTRODUCTION 

The purpose of this note is to amplify previous remarks on this 
subject.1 9 ^> 3 

Section II is a discussion of the logical status of axioms and of i 
(the square root of minus one). In a logical sense they both have the 
same meaning: undecidable; but via the recent logical methods of Cohen^ 
they are "forced" to function as terms which have the status: true. Thus 
the mathematical definition (the logical status) of a scientific axiom is 
that it is an undecidable statement which is forced (and not the canonical: 
assumed) to be true. The isomorphism between the logical meaning of i and 
the logical status of axioms permits that i be used to label number symbols 
which designate axioms. 

The set theoretic meaning for exponentials of base 2, which comes from 
the Power Set Theorem of Axiomatic Set Theory 5, 6 can be extended to expon¬ 
entials of base e. In Section III, a discussion is given which tries to 
show that 2 and e in the forms 2 a and e^ can be given a meaning which denotes 
that a and b apply to discontinuous and continuous quantities (or sets), 
respectively. It then follows that these exponential forms refer to the set 
of all sets (discontinuous or continuous, respectively) represented by the 
number symbols a and b. 

Section IV suggests a meaning and use for transfinite ordinals as number 
symbols designating the equal symbol in equations. If such an equation as 
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for instance, E - hf, is an axiom, then a transfinite ordinal labelled with 
the coefficient i can stand for the complete set of (E, f) number pairs of 
the axiom equation. This results in the conclusion that such a transfinite 
number can stand for the complete set of physical values that the original 
axiom (E = hf) can give and thus it can stand for the axiom directly. 

Section V then suggests that the imaginary exponential form e 1 ^® stands 
for the set of all sets of physical values (situations) which the axiom 9 
can refer to. This section concludes with a procedural and epistomological 
discussion of the Euler form: 

= cos 6 + i sin 0, 

This prpcedure results in a logical interpretation for the combination of the 
forms eA^" and e^t/fi. 

Much of the above profits from the insight offered by the Non-Standard num¬ 
bers^ 5 ® and from Frege^ who linked the logical meaning of a number (zero) 
to the concept of paradox. 


II. THE LOGICAL STATUS OF SCIENTIFIC AXIOMS AND A LOGICAL MEANING FOR i 

An axiom of a theory cannot be true because it cannot be deduced from 
any more basic statement which we already know is true. Neither can it be 
false because it cannot be shown to be undeducible from any such more basic 
statement. This falsity, in addition, cannot exist because no one would 
work on the physical predictions of a theory which is established from a false 
axiom since it would yield results which conflict with physical reality. 

Thus an axiom is not true and is not false. If we apply the Law of the 
Excluded Middle (modus ponens) to both parts of the previous statement we get 
that an axiom is both false and true. Both of the two previous statements 
provide a very clear definition for undecidability and this quality is one 
component of an axiom. Furthermore, an axiom has the additional crucial 
quality, which is, that we, the people who consider and use theories, assume, 
at least tentatively or even more strongly, that the axiom is true. We arrive 
thus at a definition for an axiom: it is a statement (mathematical or other¬ 
wise) which in a formal sense is undecidable, and which is simultaneously 
assumed to be true. 

The most striking feature of axioms; that they are assumed to be true, 
appears to be a tentative and social act. It is tentative because, a la 
Popper, all those who deal with an axiom and its deductions will accept 
the truth of the axiom as long as the physical results predicted by the 
theory based on the axiom appears to be in congruence with measurements. 

It is social because it is a necessity for the dissemination of a theory 
that its axioms be clearly communicated to anyone wishing to use the theory. 
This emphasizes that axiom statements are arbitrary and not deducible from 
anything else. 

Logical (both Boolean and non-Boolean) expressions may be treated in 
quite an algebraic manner. This is built on the work of Stone and many 
others, see Kiss, Sikorski and their referencesH Kiss has shown that 
such treatments can be extended to undecidable statements. 

Let an axiom (statement or equation) be symbolized by ^ and its neg¬ 
ation or the assertion of its falsity by . We let the simultaneous 

existence of both these statements be represented by logical multiplication, 
resulting in the expression, which is algebraic: 
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( 1 ) 


p* <-£> 

which is, therefore, a mathematical expression for undecidability, (the 
parentheses delineate the second symbol). 

An axiom, per the previous discussion, must not only be undecidable in the 
above formal sense, but it should also be possible to construct a logical 
algebraic form which will also include its most striking feature: that it is 
assumed to be true. This means that the undecidability of the axiom as given 
in the expression above should be assumed or rather "forced' 1 to be true. 
Forcing the above expression to be true in the P.J. Cohen^ sense can be 
effected by forcing (equating) it to the truth value: true, which can be 
taken as 1 (one) using the principles of Algebraic Logic and Boolean 
Algebra as discussed by Kiss 10 and SikorskiH, thus: 


x (-8) = 1 


p (-£ 


( 2 ) 


The triple line symbol standing usually for definition is used here to mean 
forcing. Subsequent algebraic operations with Eq. (2) will be carried out 
using the = symbol. Solving algebraically for ^ : 

* 


Or 


o r 


?*= -i 
$= -to -L 


* * 
0 r (3 = (, and also — Q r J, 


(3) 

(4) 

(5) 

( 6 ) 


Statements, equations, and symbols may now be labelled with i (as a coeffic¬ 
ient) in order to identify them as axioms or as possessing the qualities of 
being undecidable and simultaneously true. Some additional remarks are 
made here. 


1. The logical multiplication, expression Eq.(l) above, which is used as a 
definition for undecidability is not a Boolean logical expression. In the 
Boolean case one always knows that logical multiplication (or set intersect¬ 
ion) cannot exist for two items which are defined via modus ponens and are 
thus the negation of each other. Undecidability is an explicit tentative 
acceptance of ignorance. It is our human condition that permits us to see 
that although ignorance defined in this way is a non-Boolean concept which 
violates modus ponens it confers a useful and clear meaning upon ftx (- ft): 
the human conception, undecidability. ' ' 


2. The Eqs.(6 ) above show that the i formalism treats equally well an 
axiom and its negation and shows that the negation of an axiom is also an 
axiom. This feature has been shown to be useful in Quantum Mechanics and 
in the Special Theory of Relativity. 1 


3. A comment is made here on the meaning of zero with reference to axioms. 
The meaning of zero has usually been taken as denoting any and all^null¬ 
ities (null elements). For example, if the set of six apples has those six 
apples removed from the set, then that set still contains the null element, 
or zero apples. A similar set of oranges will have the null element also, 
or zero oranges. Of course, one may take (a la Frege) the number zero as 
consisting of the set of all null elements. For these two cases the single 
symbol 0 (zero) is consistently applied because apples and oranges enjoy the 
same logical status. They are objects of our contemplation which can be de¬ 
fined in terms of other qualities or relationships but they do not have the 
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same logical status as axioms. This is the reason for our belief that 
objects of our contemplation which have a different logical status from each 
other should have their null elements labelled differently. Thus 0 and iO 
should be the symbols for deductive and axiomatic null elements, respectively. 
This is useful in what follows and in some previous work. 

III. A SET THEORETIC MEANING FOR THE FORMS, 2 a AND e b 

The Power Set Axiom states that the set of all subsets, [PS], of a set 
[A] with discrete members (including the null element) which may be finite or 
enumerably infinite and which has the cardinality expressed by a, is the set 
with the cardinality 2 a . Thus, e.g., a set with 3 non-null members will have 
its [PS] (set of all subsets) consit of 2^ members^’^. 

It is well known the [PS] can be concieved of as the insertion set 
[P|A], where [p] is the two member set [0,1] and where [A] is the discrete 
set with the cardinality a, so that: 

[PS] = [p|A] = 2 a . (7) 

The set [p|A] is the set of all insertion of [p] into [A] and can be con¬ 
cieved for an arbitrary subset [A 0 ] of [A] as the insertion into [A] of 
the set [1,0] with 1 applying to all the members of [A 0 ] and 0 applying to 
the rest of the set [A]. The word "applying" is taken as a multiplicative 
operation between one or zero on the other hand and a particular set member 
[AjJ on the other hand. Thus 1 preserves the existence of an [A-jJ and 0 
denies that existence. The set of all such insertions of [p] into all the 
subsets of [A] results in the [PS] of [A] with the cardinality 2 a . Directing 
ones attention to [p]; this set with members 1 and 0 can be concieved of as a 
definition for the quality: discreteness. Paring the 1, 0 set members of [p] 
with the qualities existence and non-existence, respectively, does not permit 
any representation for continuous variation. 

Thus 1 corresponds to the presence of a member of the set [A] and 0 to 
the absence of a set member, i.e., in this way every set member of [A] can be 
displayed or not depending on the 0,1 assignment. It is important to note 
that every member of [A] can be quite explicitly picked out in this way. If, 
however, the set [A] were continuous then this procedure using [p] = [0,1] 
would be useless, which again emphasizes how the set [p] defines discreteness. 

Associating the number 1 or the number 0 with each element of a set 
[A] is really equivalent to defining a function, f, where 

f(a-[) = 1 if a^ is to be a subset of [A] 
and f(a^) =0 if a^ is not to be a subset of [A]. 

Such functions, called characteristic functions (or ch. f.) are closely 
connected with the operations of Boolean Algebra. The ch. f. for the 
example given above consists of the set [1,0]. Two useful theorums for 
such ch. f sets are described in logical terms: 

a) The ch. f. set corresponding to the intersection of two or more general 
sets are the (Cartesian) product set of the ch. f. sets of each general set. 

b) The ch. f. set corresponding to the union of two disjoint general sets is 
the sum of the ch. f. sets of each general set. 

Intersection and union of sets corresponds to logical multiplication and 
logical addition. Thus for 2 sets [A] and [B], 


288 



logical multiplication corresponds to those elements of [A] and [B] that lie 
in both [A] and [B]; whereas logical union corresponds %p elements of [A] and 
[B] which lie in [A] or in [B] or in both. 

The definition for discreteness which has been given, together with 
the Power Set axiom lead to a conclusion about the set theoretic meaning 
for 2 in the cardinal 2 a of the set of all sets of [A]. The meaning for the 
cardinal 2 must here connote that it is the cardinality of the set [1,0] and 
that the set [A] is discrete. Thus the meaning for 2 (a la Frege) stands 
for the set of all sets which are discrete. The quality discreteness must 
be clear, operative, and especially unique for both logical multiplication 
and logical addition, as presented in the previous paragraph, because 
both of these logical operations should apply in normal procedures assoc¬ 
iated with theories and experiments. The use of the theorums a) and b) 
above can be used to construct a set of progressions to a cardinality 
number for all sets which represent discreteness. Since these progressions 
for sums and for sets should give the same cardinality number (2) we see that 
this occurs for discreteness ("all" is approached when n approaches infinity). 

Thus: [1,0] [l,0] m [1,0] 2 ^ 2 

or: [Single Discreteness Set] [Cartesian Product of n Discreteness Sets] 

+ 2^ + 2 , 

and for the logical addition case: 

(1 + 0) -*■ (1 4- 0 ) m -*■ (1 + 0) [1,0] 2 ^ 2 

or: [Discreteness Sum] [Product of n Discreteness Sums] ■* 2 ^ + 2, 
where n approaches infinity in both cases. 

These detailed explanations appear to be trivial with respect to the 
result (that 2 represents the cardinality of a number that means discrete¬ 
ness for exponents of this number). 

In view, however, of the analysis and development of non-standard 
numbers and literal infinitesmals7 it is tempting to view continuous sets 
in a similar manner to the discussion just given for discrete sets. In¬ 
stead of the discreteness difinition set [1,0] we take the set [1,6] where 
6 is a literal infinitesmal with a non-standard meaning and which is 
defines as: 


6 =|iml/nASn^ 00 (8) 

so that: [l, 5 ] is [1,1/m] for m + 00 

and this set has no null element, by definition as per Robinson 1 s methods^. 
This set [1,6] is thus meant to represent the qualities associated with 
continuousness. Now 1 and 6 are, for example, a point (a real number) on 
the continuous interval betweeq 0 and 1; and an infinitesmal increment 
beyond that point respectively. In an analogous manner to that given 
above for the discreteness sets, one gets now for n 

(1 + l/n) ■+ (1 + l/n) m + [e] + e 

[1,1/n] -* [1, l/n] m ■+ [e] -* e 

where e is a non-standard set with no null element. 
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The progression from [1, l/n] n to e must be the same result as that 
for the addition expressions above it for the reasons given previously, 
and is also thus consistent with the similar expressions for the dicrete- 
ness case. The conclusion, therefore, is that e is number which has a 
non-standard set theoretic meaning corresponding to continuous (or cont¬ 
inuity) for arguments in its exponent. 

These comments identify the exponential forms of 2 and of e, say 

ct h 

2 and e D , each of which is a set of all sets whose exponents a and b 
refer to discrete and continuous variables, respectively. They can also, 
with this meaning represent the set of all physical situations to which an 
exponent number symbol which stands for an axiom can apply. 


IV. A MEANING AND USE FOR TRANSFINITE ORDINALS 

Generally the laws of physics are written as equations in terms of 
symbols describing physical reality. Thus symbols are given to concepts 
like force,pressure, velocity, energy, and the like. Their numerical 
magnitudes are coupled with dimensions which define their meaning. These 
numerical magnitudes lie in the real number field and a normalization can 
be set up, of course, which maps this number range to the 0,1 interval, 
which is necessary in what follows. 

The human procedure for ascertaining some details of physical reality 
consists of the use of both a theoretical framework of statements and an 
experimental setup to find, say, the magnitude of a physical variable. 

Suppose one is ignorant of the magnitude of a physical varaible. Upon 
the manipulation of theory and experiment a value for the magnitude of 
the physical variable is found; this with a specified accuracy. Such a 
procedure, however, may be incomplete because the person doing it may be 
ignorant of significant information affecting the outcome of the experiment. 
Even so, the performance of the procedure a large number of times can be used 
to determine the magnitude of an average value of a physical variable. 

Thus where a particular outcome occurs with a fraction f of the total 
number of repetitions, that fraction is defined, as by von Mises and 
Reichenbach, as the probability of the outcome. The meaning for f equal 
to zero or one would then correspond to impossibility or certainty of an 
outcome. This gives meaning to the real number range zero to one, and 
it refers to the relative frquency of the outcome of a well defined phys¬ 
ical variable. 

Although probabiliy in this way can be associated with a subjective 
ignorance of the parameters defining a physical variable, it should rather 
be called an objective ignorance and this probability should be called an 
objective probability. This is because all observers using the identically 
almost complete set of concepts and axioms would get the same probable 
values for the outcome of experiments on such well defined aspects of 
physical reality. All this depends, of course, on identical extended 
sets of definitions and a logical theory containing the deductions and 
theorums formed from the axioms of the theory. 

On the other hand, the axioms of any theory are statements that have 
a peculiar logical significance. Axioms must necessarily always be state¬ 
ments which cannot be logically deduced from other statements. If they 
could be so deduced then those other statements- would be called the axioms. 

Of course the ongoing progress in our scientific theories may reduce the 
axioms of a previously accepted theory to deductions in a new theory. 

The new theory, however, would still be based on axioms (newer, deeper 
axioms). Thus each in the sequence of deeper theories will always be based 
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on axioms. If one wishes to preserve a Boolean logic in the theories it may 
be useful to consider an axiom as a statement whose "mechanism" is unknown. 
This idea is supplementary to that given previously. 

Our ignorance of the magnitudes of well defined physical variables 
and of the "mechanism" for axioms can be distinguished clearly by dividing 
our ignorance into two parts. The first is that ignorance which is assoc¬ 
iated with the occurrence of different magnitudes of well defined physical 
variables and thus where probability lies in the zero to one number range. 
This is objective because acceptance of a reigning theory carries with it 
acceptance of the axioms of the theory (and therefore also acceptance of 
the ignorance of the mechanism of the theory 1 s axioms). 

The second type of ignorance is the ignorance of the mechanism 
of an axiom. This type of ignorance cannot be ascertained via any test 
which gives numerical answers. This type of ignorance, however, could 
lie in imaginary or transfinite number fields as will be discussed. When 
Frege mapped operations with one and with the plus sign to a Boolean 
formalism he also mapped operations with zero to the concept of paradox 
or inconsistency. This is an idea which can also be applied to axioms by 
postulating that the fact that one must be ignorant of the mechanism of an 
axiom can be mapped to the real number value of i (the square root of minus 
one). Thus the fact that the real number value for i is unknown can be id¬ 
entified with an axiom statement whose mechanism is unknown. This is 
in a literal sense a subjective ignorance because there is no agreement 
on the future axioms of deeper theories which could someday be used to 
deduce a present day axiom. This is now expressed via a mathematical 
formalism. 

Using the symbols + and x where: 

+ is the union of the sets (say, [A] and [B]) standing on either side of 
+ ; in the logical sense it stands for an element in either [A] or [B] , or both. 

x is the intersection of [A] and [B] ; logically it is an element that is 
in both [A] and [B] simultaneously. Boole adopted the designations: 

1 = Universe of Discourse set 

0 = Null set. 

We adopt the restricted designations: 

- Universe of physical phenomena (well defined variables) 
set: represented by their symbolic designation, i.e., 
force, pressure, etc., which obey scientific laws and 
thus are based on the axioms of a theory. 

( 10 ) 

() = The absence of the above, or the physical phenomena 
null set. 

Using these designations we set: 

~ 0 = JL , ~ 1 = 0 (11) 

where ~ is negation, and modus ponens is being used. 

Now [1 + 0] is the universe of well defined physical variables or their null 
set. This includes all the theorems and deductions of a theory, but it does 
not include the axioms of the theory. The symbol 1 can be decomposed into 
a dual set, say [A], and its complement [~A]: 
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[A]+[~A] - 1 


( 12 ) 


Consistent with the discussion up to now we let: 

~[1 + 0] = i[M + ~M] (13) 

where i designates the axiom(s) of a theory, M, or the set of its complements 
[~M]; which can be combined in two different ways: 

[M] + [~M] and [M] x [~M] . (14) 

The second expression has already been used to express undecidability and 
forced to the truth value: true (or one) in the earlier discussion of the 
logical status qf axioms. The first expression is ambiguous; it can be 
written two diff^ppnt ways and equated to zero and to one in the field of 
imaginary number; 


M ~ M = iO (15) 

and [M] + [~M] = i (16) 

gq. (15) is the assertion of an axiom followed by its denial and results in 
t]fie null axiom element. Eq. (16) has the truth value: one and lies in the 
i number field which contains all axioms (and their negations, which are 
also axioms). This has been treated elsewhere. 

It remains to suggest a logical meaning for the form e^®. From the 
preceeding discussion it can be taken as the set of all sets to which the 
axiom statement or number symbol 0 applies. 

One may take the Planck energy relation: 

E = * (17) 

which can be considered as an axiom of Quantum Mechanics (as an axiom 
statement). The set which can represent the above relation is the set of 
all the number pairs [E,oj] which is the continuous set of all such pairs 
which satisfy Eq. (17). 

It can be converted into the axiom statement 0, but only after the 
terms on both sides of the equal sign are made into pure numbers with no 
dimensional designation. This is necessary because in Axiomatic Set 
theory the only meaning which can be given to exponentials is as the number 
of the set of all sets represented by the exponent (which is a discrete set) 
and which is thus a pure number. Rearranging Eq. (17) slightly and mult¬ 
iplying j^y t (the tii$e variable) is necessary to make each side into a pure 
number; 


EtM = tot (18) 

T ft 

The meaning for an exponential in e (the form e ) was shown in a prev¬ 
ious section to designate 0 as a continuous set. We tak e the set of all 
continuous sets to which the Planck energy relation in the form of Eq. (18) 
applies as an axiom as: 

i0 _i[Et/h = tot] iEt/ii = i to t >- 1Q v 

e or e L or e (19) 

The bizarre appearence of the equal sign in the exponent can be made some¬ 
what more palatable if it can be mapped to a number. With one additional 


292 



supposition the last expression above can be written as: 


e iEt/*ft + (=) + (iiJt) 

where the supposition is that + means lies next to. 
this to become: 


( 20 ) 

One may then modify 


iEt/fi = i go t 
e e e 


( 21 ) 


It now appears that in Eq. (21) the first and last factors can be the Psi 
function of Quantum Mechanics and the wave function of Electromagnetic 
theory, respectively* Since the arguments of each of these two factors are 
equal by Eq. (17), one gets: 

e iEt/* = e i W t (22) 

If we replace the equal symbols in Eqs. (21) and (22) by say, a symbol, 
a, and set these terms equal to each other then we get: 

e a = a (23) 

where the equal symbol in Eq. (23) above stands also for equality; 
but it must be different, possibly deeper then the meaning of a , see 
remarks below. 


There have been a number of discussions of the numerical value of 
which satisfies Eq. (23) above. These discussions suggest that Eq. (23) 
can be interpreted by means of transfinite ordinals where: 


lim e a = a (24) 

a -> oo 

and that a can be the transfinite ordinal which is the ordinal number 

for the well ordered set (1, 2, 3, 4,.). 5,6,14,15 There are 

minor differences between these authors in that Fraenckel and Kamke appear 
to restrict the base number, which we have as e, to integers; whereas 
Sierpinski permits that it be any real^number. The discussion given in 
the last section of the forms 2 a and e , however, can be taken as a justi¬ 
fication for the replacement of 2 as a base by e as a base. Additional 
discussions by the above authors also appear to give additional meaning to 
the equal symbol in Eq. (23). It is the second step in a hierarchy of 
the transfinite ordinal numbers which start from the well ordered integer 
set above. We retain the designation a for the first transfinite ord¬ 
inal, the solution of Eq. (23), although it is usually referred to in the 
above discussions as u) (possibly w would be better) but in order not 
to cause confusion with the radian frequency w of the Planck energy re¬ 
lation the a is retained. 


The equation E = w can now be written as 

“ Ei (25) 

In order to be consistent with the multiplicative operations which have been 
defined for the first transfinite ordinal a and with the requirement that 
pure numbers be the only terms in the abgve equation when it is symbolized 
by 6 when it is to be used in the form e 1 ^, the above is converted to: 

(EAft a) ) a 1 (26) 

which according to the manipulative rules for transfinite ordinals can be 
represented by a alone, where a is the ordinal of the sequence: 

1, 2, 3, 4, . (27) 
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The infinite set of pairs E, w can be matched to the sequence above, 
and i a can also according to the manipulative rules for transfinite ordin¬ 
als stand for the forms in Eq. (20), (21), or (22). 


V. LOGICAL MEANINGS FOR IMAGINARY EXPONENTIALS 


Taking the set of all sets (of all the physical situations) to which 
an axiom 0 applies, as e^®, we postulate that this form should correspond to 
a probability. The logarithm of that probability would then logically 
correspond to the recovery or discovery of the underlying axiom from the 
set of all physical situations to which the axiom applies. Obviously the 
logarithm of the above imaginary exponential should recover the axiom 
symbol 0. 


The only other occasions in science when the logarithms of probab¬ 
ilities are of use is when the Boltzmann definition of Entropy and the 
Shannon definition of Information are being employed. 


Such a procedure cannot be of any help in finding the unknown mechanism 
of an axiom but rather it may help find if specific axiomatic statements 
will explain the data. This will not be a mechanical way of finding new 
axioms, but may permit a clearer evaluation of the physical effects that new 
axioms predict. Thus, according to the ideas discussed here axioms must 
always be created to fit physical situations and not the reverse. 


All of the previous discussion leads naturally to the 2 questions: 

1. What is the logical significance of the first and last factors of 
Equation (21), which appear to be the Psi and Electromagnetic Wave 
functions, respectively? 

2. What is the logical significance of the Euler relation: 

e*® = cos 0 + i sin 0 

3 12 

The first question has been discussed in some detail.’ 


The second question must be broken into 2 parts; first, for trans¬ 
finite representations of 0, and second, for finite representations 
of 0, this latter corresponding to the wave functions above. For the 
transfinite representation of 0 as an axiom, the Euler relation appears 
to be a mapping from the infinite 0 range of the axiom to the range: 
plus to minus one (real) and also the range plus to minus i (imaginary). 

All that can be said about this at the moment is that it might represent 
a normalized physical variable and a normalized axiomatic condition of some 
kind. 

The second part of the second question has the same answer as the first 
question and the reader is referred to the same references as in that 
answer. The referenced discussions consider the wave functions in both 
Quantum Mechanics and Special Relativity to be transformations between 
situations or rest frames whict^ Ijigve axioms sets which are the negative or 
logical inverse of each other. ’ 
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INTRODUCTION 

Diffraction and interference effects of charged particles are 
well-known and accepted wave-particle phenomena in quantum physics. However 
the phase shift, observable in an interference pattern, introduced between 
two coherent electron beams propagating around a magnetic field through a 
field free region (Aharonov and Bohm 1959), has been the subject of an 
extensive debate both from theoretical and experimental viewpoints. The 
significance of this experiment, which concerns the physical meaning of 
fields and potentials in electromagnetism and quantum theory, has been 
recently emphasized by Olariu and Popescu (1985). The authors compare 
this significance with that which Michelson’s experiment had in 
demonstrating the limitations of the traditional notions of space and time. 
This quite surprising interference effect has been verified and confirmed 
by a number of experiments (for a review see Olariu and Popescu (1985)) the 
last of which regards the investigation of completely shielded 
superconducting toruses by means of electron holography (Tonomura et al., 
1986). This experiment definitely demonstrates that electrons do not 
directly experience any magnetic field, therefore the phase difference 
cannot be attributed to an external leakage field or to Lorentz-force 
effects on the portion of the electron beam going through the magnet, as 
some authors have defended. 

The attention given to this kind of experiment has not been devoted to 
the case involving the scalar potential. In fact the time dependent 
experiment, also suggested by Aharonov and Bohm (1959), is beyond the 
present experimental capabilities while the time independent version, 
proposed by Boyer (1973), does not possess the same striking and 
paradoxical aspect as the magnetic case. Although the results of the 
interference experiments are very similar, in the electrostatic case 
electrons experience the effect of the field. Starting from Boyer’s 
proposal, we have recently realized an equivalent interference experiment 
in which a constant phase difference is introduced between the beams by the 
electrostatic field associated with a bimetallic wire (Matteucci et al., 
1984; Matteucci and Pozzi, 1985). The aim of this paper is to consider 
the basic features of this experiment in relation to the magnetic one, and 
to present the preliminary results concerning a new experimental set-up by 
which it is possible to increase and to obtain a continuous control of the 
phase difference. 



THEORY 


In electron optics, the interaction of the electron beam with a 
specimen can be conveniently described by solving the non-relativistic 
time-dependent Schroedinger equation in the high energy approximation 
(Messiah, 1970). The following points should be considered: a) the 
static electromagnetic field of the specimen is described by the scalar 
potential V(r) and by the vector potential A(r); b) in the standard 
operating conditions of the experiments carried out by a transmission 
electron microscope, the kinetic energy eE of the beam is large when 
compared to the potential energy eV(r) of the specimen, so that the 
electrons propagate almost parallel to the optical axis both above and 
below the specimen. Under these assumptions, the effect of the specimen 
on the wave-function associated with the electron beam is described by a 
transmission function (p (x Q ,y Q ) given by: 

<p( x o>y o > = ex P tig>( x o ,y o )] (l) 

where x q and y Q are the co-ordinates of a point P in the specimen 
plane and the phase shift <p (x ,y ) is given by: ° 

,z) dz - 2 jt e 
h 

where X and e are the electron wavelength and the electron charge 
respectively, and h is the Planck constant. The integrals are taken along 
an electron path parallel to the optic axis z inside and outside the 
specimen to include stray fields. 

Let us now consider the experiment, suggested by Aharonov and Bohm 
(1959), by introducing, between two interfering beams, a long solenoid 
(Bayh, 1962) or better a superconducting hollow cylinder with trapped 
magnetic flux (Lischke, 1969), as sketched in Figure 1 (a). With this 
set-up, electrons are not locally influenced by the magnetic field which is 
zero outside the solenoid. The z component of the vector potential 
around the solenoid can be written as: 

A (x,y,z) = -—-— (3) 

2 n(x + z ) 


A (x 
z o 


v z) 


( 2 ) 




(a) (b) 

Fig. 1. Coordinate system and geometry for: (a) the AB effect involving 
an enclosed magnetic flux F, and (b) the electrostatic field 
due to two lines having opposite charges. 
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where F is the enclosed magnetic flux. It turns out that the phase shift 
suffered by the electrons is: 

q> (X Q > y q ) = Jre F segn(x Q )/h (4) 

and the observable phase difference Aq is given by: 

A<p = 2 jre F /h (5) 

The same result can be directly obtained if the phase difference is written 
using the Stokes theorem. 

Let us consider the electrostatic case: the field associated to a 
bimetallic wire having a zero net charge is equivalent, at long distances, 
to that of a dipole line, Figure 1 (b), having a strength proportional to 
R ZlV, where R is the wire radius and ZlV the contact potential difference. 
More precisely: 


V(x,z) 


2R ZlV (x sin#+ z cos $ ) 

( 2 , 2 , 

jr (x + z ) 


( 6 ) 


where # is the angle between the dipole and the electron beam directions. 
Introducing Equation (6) in (2) to calculate the phase shift, there 
results: 


w (x ,y ) = 2 jr R ZlV segn(x )sin#/(AE) (7) 

J 0 0 o 

whereas the observable constant phase difference is given by: 

Aq = 4jtRZ 1V sin#/(AE) (8) 

Therefore, by rotating the wire, it is possible to have a phase difference 
varying continuously between zero and its maximum value, which is a few jr 
for wires about 1 ^m in diameter, with a contact potential difference of 
ZlV = 0.5 V, observed at 100 kV accelerating voltage. 

Another point deserves to be recalled: the electrons interact with the 
electrostatic field and the phase difference could depend on different 
lateral deflections suffered by electrons passing on either side of the 
wire. In the small angle approximation, the deflection is given by: 


- J_ f dV( x ,z) dz 
E J dx ° 


which can be shown to be zero for the field topography given by Equation 
(6). This means that the diffraction envelope is not affected by the field 
and can be used as a reference to reveal the interference fringe shift. 

Following Boyer f s (1973) analysis, it is interesting to see how the 
phase shift can be interpreted as a classical electrostatic lag effect. 

The influence of the z component of the electric field varies the electron 
velocity, and causes a spatial lag A 1 given by: 

Zll = 2 R ZlV sin #/E (10) 

between electrons travelling along each side of the dipole.The 
corresponding phase difference is therefore: 

Aq = 2 zv Al/ X (11) 
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which is exactly the same as that of Equation (8). 

Let us finally remark analogies and differences between the magnetic 
and electric case. In both cases, the space is multiple-connected owing 
to the presence of the solenoid or the bimetallic wire, the lateral 
deflection of the electron beam vanishes and the effect is detectable as a 
displacement of the interference fringe pattern with respect to the 
unperturbed diffraction envelope. However, in the electric case, the 
effect depends on the energy eE of the electrons, i.e. is a dispersive 
phase shift. As pointed out by Boyer (1973) in his analysis using 
wavepackets, this means that in the electric case the lag effect can be 
made larger than the wavepacket length, thus destroying the interference 
pattern (Schmid, 1984) whereas such effect is not expected in the magnetic 
case, where the phase shift is independent of the electron energy. 


EXPERIMENTAL SET-UP 

The analysis of the foregoing section points out that the constant 
phase difference in the electrostatic case is essentially due to a dipole 
line field. In our former set-up (Matteucci and Pozzi, 1985) this field 
was realized by means of a bimetallic wire, so that the experimenter could 
only vary the angle between the electron beam and the dipole or the 
accelerating voltage, having no control on the dipole strength which is 
proportional to the wire radius and to the contact potential difference. 

This drawback can be overcome if one realizes a macroscopic dipole 
line, by means of two parallel conducting wires, held at opposite 
potentials, Figure 1 (b). In this case, the phase difference should 
increase from the few jt of the bimetallic wire to several hundreds or 
thousands of jr depending on the potential applied to the wires and on their 
distance. Moreover, it should also be possible to investigate how the 
phase shift varies between the wires as this region becomes accessible. 
These advantages are made at the expense of a more complicated experimental 
realization. 




Fig. 2. Exploded view illustrating the elements of the macroscopic 

dipole. T: platinum apertures on which the platinum wire is 
soldered with conducting cement. I: electrical insulator. 
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The first device was realized by soldering onto two standard platinum 
apertures (300 pm in diameter) a commercial Wollaston platinum wire after 
its silver sleeve had been removed by chemical etching. The two apertures T 
were then superimposed and electrically isolated as shown in Figure 2. The 
two wires were then oriented parallelly. This "sandwich-like" device was 
then mounted on a specimen holder of an electron microscope equipped with 
an electrical contact and connected to an external voltage supply. In 
this way it was possible to bias the upper wire while the lower one was 
earthed. In addition, a goniometer stage allowed the variation of the 
orientation of the electric dipole by +. 24° around the rod axis. The 
observations were carried out with a Philips EM400T electron microscope 
equipped with a field emission source and a Mollenstedt-DUker (1956) 
electron biprism inserted at the level of the selected area aperture 
plane. 


A schematic drawing of the whole set-up is shown in Figure 3. The 
coherent electron beam coming from the source S first illuminates the two 
wires (i.e. the macroscopic dipole D), and then propagates as far as the 
biprism plane whose axis is oriented not parallelly to the two wires. The 
electron biprism is a thin conducting wire W which can be charged by means 
of an external voltage supply with respect to two earthed plates P. The 
wire W splits the wavefront of the incoming electron beam, and the 
electrostatic field produces a deflection and a subsequent overlapping in a 
plane OP below the wire. A system of interference fringes will be observed 
if the coherence conditions are satisfied (Missiroli et al., 1981). 

In the case of Figure 3 the interference region in the OP plane is 
divided into three parts by the projected shadows H of the two wires. In 
the regions M two wavefronts with the same phase shift overlap, and 
therefore a symmetric fringe system is expected, equal to that observable 
with the biprism alone. In the region N between the two shadows, the 
waves coming from the opposite sides of the dipole overlap. Thus the 
electrons experience different phase shifts and a resulting phase 
difference, given by Equation (8). The net effect is a lateral 
displacement of the interference fringes with respect to the unperturbed 
system or to the diffraction envelope, as roughly sketched in the lower 
part of Figure 3. It should be remarked that only the non-integral 
fraction - 2jre(e< 1 ) of the phase difference can be estimated from 
the asymmetry of the intensity distribution. This drawback is not present 
when the experiment is carried out and recorded dynamically since the 
lateral shift of the fringes can be monitored continuously when the phase 
difference is varied. 


EXPERIMENTAL RESULTS 

The results described in this section were obtained with the following 
electron-optical conditions: the microscope was operated in the diffraction 
mode with the second condenser and objective lens switched off, whereas 
the diffraction lens was used to conjugate the specimen plane with the 
final viewing screen or the photographic plate. This operating condition 
is slightly different from that depicted in Figure 3, as the images of the 
wires are observed instead of their projected shadows and a virtual instead 
of a real system of interference fringes is formed on the OP plane. 

The experiment was carried out by rotating the "sandwich" in order to 
obtain the narrowest cross-section of the two wires (as seen from the 
incident electron beam direction), that can be considered as a single 
impenetrable region for the electrons. 
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Schematic set-up for the interference pattern formation. S: 
field emission source. D: macroscopic dipole placed at the 
standard specimen level. W and P: wire and ground plates 
respectively of the electron biprism, which is inserted at the 
selected area aperture plane. OP: observation plane, where the 
phase difference can be detected in the region N placed between 
the dipole shadows H, with respect to the regions M where the 
interference pattern remains unperturbed. 



By varying the potential applied to the upper wire, the fringe 
systems in the outer regions M of the interferogram are displaced laterally 
in opposite directions, whereas the fringes between the two images of the 
wires are tilted, Figure 4. This effect is related to the presence of an 

external field due to the biased wire and not compensated by the earthed 

one. The two wires behave essentially like a single charged wire, i.e. an 
electron biprism. 

By increasing the potential applied to the upper wire, it was possible 
to compensate this field and make the axis of symmetry of the interference 

fringe system on the right and on the left of the image of the two wires 

coincide again, within the accuracy of observations carried on the 
fluorescent screen. In this condition the two wires behave as a 
macroscopic dipole, although with a fixed bias. Therefore, a phase 

difference between the two interfering beams was introduced by slowly 
tilting the macroscopic dipole of an angle so as to prevent electrons 
passing through the two wires. In our experimental conditions for angles 
within 1° it was possible to observe, in a very striking way, directly on 
the viewing screen, the dynamical change of the phase in the region between 
the shadows (compare region N of Figure 3) whereas the outer fringes 
(regions M) remained unperturbed. 

The effect is less remarkable when recorded on the plate. In the 
micrograph of Figure 5 (a) in correspondence with the region N it is 
possible to reveal a phase difference with respect to the regions M. This 

photograph was recorded at a slightly lower biprism voltage in order to 
obtain a stronger diffraction modulation of the interference fringes. The 
phase shift is further evidenced by the microdensitometer traces of Figure 
5 (b) and (c) that correspond respectively to the outer region of the 
interferogram in which the fringes are centrosymmetric with a central 
maximum, whereas in the inner region they are asymmetric. 



Fig. 4. Micrograph showing the interference pattern in the regions M 
and N as sketched in Figure 3, where the images of the two 
wires of the dipole are overlapped. The lateral displacement of 
the outer interference system is due to an uncompensated field 
originated by the "sandwich" of Figure 3. The biprism voltage 
is Vp=12V, the dipole voltage is V^=18V. 
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Fig. 5. (a) Interference pattern obtained in the same experimental 

conditions of Figure 4 but with Vp=8V. In this case the 
effect of the biprism field present in Figure 4 has been 
compensated by applying a higher external voltage to the 
dipole: V D =36V. (b) and (c) are the microdensitometer 

traces corresponding respectively to the regions M and N of 
(a). 
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Figure 6 (a) and (b) have been recorded at larger positive and 
negative angles, in order to show the trend of the fringes between the two 
wires. It can be ascertained that the fringes are parallel and inclined 
with respect to the outer fringes, thus indicating a linear trend of the 
phase difference between the wires. However, the most striking effect is 
represented by the deformation of the overlapping region due to the 
deflecting field between the wires. 

It may be noted that the most relevant features of the observed 
patterns, i.e. the deformation of the overlapping region (shadow effect) 
and the trend of the interference fringe system, can be accounted for by 
modelling the dipole as made of two parallel electron biprisms of opposite 
strength and by means of the asymptotic approximation of the image 
wavefunction in interference electron microscopy (Missiroli et al., 1981). 




Fig. 6. (a) Interference pattern taken by rotating the "sandwich". The 

images of the two wires are easily distinguishable. The 

interference fringes show that the trend of the phase variation 

is linear. (b) Same as (a), but with the dipole rotated in 

the opposite direction. In this case the central images of the 

wires are superimposed. V =12V, V =36V. 

F u 
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CONCLUSIONS 


The preliminary results reported in this work show that a quantum 
phase shift can be introduced by a macroscopic dipole and detected in an 
interference experiment. This phase shift arises through a local 
interaction of electrons with the electrostatic field of the dipole and can 
be interpreted either as a classical lag effect or as a local effect of the 
scalar potential. By improving the shifting device, for example by 
applying an opposite potential to the two wires, it will be possible to 
vary in a continuous way the phase difference up to values of thousands of jr. 
By increasing the electrostatic field of the dipole it should be possible, 
at least in principle, to introduce a phase difference larger than that 
corresponding to the longitudinal coherence of the electron wavepacket and 
to obtain an estimate of the wavepacket length. 
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DISCUSSION III 


Compiled and interpreted by D.W. Kraft and E. Panarella 


De Martini . I have a question for Matteucci. In the Bohm-Aharonov (B-A) 
experiment, it is important to separate the effects of the field and the 
potential. What is the magnitude of the effect of the electrical 
potential with respect to the real effect of the electric field? Is it 
0.1? Is it 0.001? This is important. 

Matteucci . If you want to calculate the total phase difference/ you have 
to calculate the scalar potential. 

Boyer . There are two different points of view expressed. Aharonov and 
Bohm tried to show that it's just the potentials and not the field that 
they entered at all. They had a magnetic case and an electrostatic case 
when they turned the potentials on and off while the charges were inside 
the tubes. When the charges were inside these tubes, they were screened 
from any field, but they claimed there would still be an effect. Now, I 
was looking at it from an entirely different point of view, contrary to 
what Aharonov and Bohm had, and I suggested this electrostatic effect to 
show that the electrostatic fields could give a lag effect showing the 
same interference pattern as what had arisen from the B-A effect for a 
magnetic case. What I was proposing is that the energy conservation 
suggested that maybe the magnetic case was also exactly a lag effect, but 
I didn't say that the*electrostatic case in any way involves only the 
potentials rather than the fields. It really involves fields fully in 
the form that's being treated at the moment. Now if they can screen 
those fields and confine the charges inside some tubes, the way Aharonov 
and Bohm actually proposed, then they are seeing effects on the phase 
difference which are not related to electrostatic effects. But this is 
related to an electrostatic effect, comes out nicely, giving the same 
answer either from the semi-classical or quantum point of view. Now I 
didn't get your last comments on proposed experiments and I would be 
interested to hear what you are proposing for the future. 

Matteucci . We want to measure the wave packet length. 

Boyer . Right, and did you mention also possible shielding in the way 
that Aharonov and Bohm had proposed? I think it would be very 
interesting to be able to measure how many wavelengths difference and 
what sort of coherence length you get. 

Matteucci . This is possible if you apply a potential to the wires of the 
macrodipole so that you can obtain a phase shift, that is you have to 
destroy the interference pattern. At this point you can infer that you 
can obtain an evaluation of the coherence length. 
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Selleri. This is a very interesting set of experiments on the B-A effect 
because they point to the existence of zero energy effects. In other 
words, in a situation in which the electric and magnetic fields are both 
zero, classically you do not have any energy and so if you are left only, 
in one case, with the vector potential and in the other case, with the 
scalar potential, you think that there is no energy density. In spite of 
this you see an effect in the intereference figures which is also a 
systematic effect in that there is a systematic shift in one direction 
even though the envelope remains the same. All the fringes shift, which 
means that the ensemble of electrons has received a lateral kick. 

Matteucci . No. You do not have lateral shift. The electrons do not 
suffer any lateral deflection. They suffer only a change of velocity in 
this case. 

Selleri . But the fringes have shifted. 

Matteucci . Yes, you introduce a phase difference. 

Edmonds . Isn't there an electric field in the region that these electron 
waves are passing through around the wires? 

Matteucci . Yes, of course there is a fringing field due to the magnetic 
field of the current in the wires. 

Edmonds . They are actually then traveling in an electric field. It is 
not analogous to the B-A effect? 

Matteucci . No. It is not a B-A effect. Those experiments can be 
considered as a demonstration of the experiments suggested by Boyer, the 
experiment with the two tubes held at different potentials for the 
duration of the entire experiment. The geometry of course is different. 
Here are two wires placed inside the two electron beams. In the two-tube 
experiments, of course, the electrons pass through the tubes, but they, 
in both cases, feel the fringing fields when entering and leaving the two 
tubes, or they feel the fringing field due to the two wires. 

Boyer . I would like to make one more comment on the question of energy. 
Even the ordinary B-A effect really involves substantial energy changes. 
When the electron is passing this tube, unless you change the currents in 
the solenoid, the overlap of the fields means there is a substantial 
magnetic energy and if you assign that energy change back to the 
velocities of the passing charges, then you get exactly this lag effect 
that one sees in the electrostatic case. And so I was simply proposing 
that the actually observed B-A effect for the magnetic field is not that 
at all; it is not an effect of potential but a collective reaction of 
whatever is producing the magnetic field of the solenoid back on the 
electron. It is really a classical electromagnet lag effect, but the 
final step, which produces the intereference pattern clearly is not 
handled within the classical theory. 

Selleri . Which way? Nonlocally or locally? 

Boyer . Local. Purely local classical electromagnetics. 

Selleri . Are there leaking magnetic fields? 

Boyer . Not leaking. When the electron is passing the solenoid, the 
fields of the electron act on the currents. They must act on the 
currents. If you pretend they don't act on the currents, then you have a 
magnetic field in the inside which involves an interference term between 
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the magnetic field of the solenoid and the magnetic field of the passing 
charge. And that*s ignored in the B-A calculations but that*s a 
substantial magnetic energy change If one assigns that energy change to 
the passing particle, in other words to say that the energy balance is 
provided by changing the electric and magnetic fields which produce an 
energy change back on the passing electron, then you get a lag effect 
which would give exactly the phase shift to the final packets, 
corresponding to the B-A effect. So I propose the electrostatic case 
simply to undercut the ordinary interpretation of the magnetic B-A effect 
and say possibly that this is a current. Now I did computer simulations 
of classical charged particles going around in a circle and charged 
particles passing on either side, and then just seing exactly what the 
classical electromagentism would say. If you find those particles, they 
speed up as the passing particle passes. You do get the effect 
qualitatively but at that time I didn*t have enough computer power to 
make a realistic solenoid. But you do, qualitatively, see the slowing 
and speeding of the charged particles, depending on which side of the 
solenoid the electron passes. 

Edmonds . If the electrons travel farther out from the solenoid, is the 
effect the same, provided the solenoid length is infinite? 

Boyer . If it*s a finite solenoid, the effect falls off. But if it*s an 
infinite solenoid there*s no change. As long as your solenoid is long 
enough. But it*s a fascinating thing. You can easily do the classical 
calculation and they were published in Physical Review . I separated the 
two parts because ordinary physicists accepted all the classical 
calculations but then when I wanted to relate them to the B-A effect, I 
could find no physicist who agreed with me and therefore I published this 
as a second piece. 

Edmonds . The electron affects the magnetic fields in the solenoid which 
affects the electrons producing the magnetic field in the wires. Right? 

Boyer . Right. 

Edmonds . Why must that do anything to the electrons? 

Boyer . Oh, because you see if you change the currents in the solenoid, 
then the fields outside must change. The only reason there is zero 
magnetic field outside is because of a very specific pattern of currents 
inside the solenoid. 

Aspden . I haven*t seen Boyer*s paper on this subject but I agree with 
him for the following reasons. First of all, in the magnetic version, if 
you have a current in the infinite solenoid, you certainly do not get a 
magnetic field outside because you know that a closed path integration 
goes to zero. But what happens is that the electron comes along passing 
the solenoid, the electron itself induces an interaction with the current 
in the solenoid, but this interaction produces an electric displacement 
of charge in the solenoid which has the effects of slowing the electron 
that passes on one side and speeding up the electron on the other side. 
It's an electrostatic effect. This can be related to classical 
electromagnetic theory, if you don*t take the Lorentz version of the 
electromagnetic interaction. But, if you take the version that has an 
additional term which might allow for induction, I think this touches the 
B-A effect in the magnetic version, and can go back to the fundamental 
interaction between current elements and can actually determine which law 
is true, whether it*s the Ampere law or one of the other laws, but it 
certainly doesn*t tell us anything about the Lorentz law. 
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Dewdney. If the electron goes on only one side of the coil, what does it 
interfere with? 

Boyer . The interference is something different. All I want to argue 
about is the classical lag. On one side of the solenoid, the charged 
particle will be slowed first as it's approaching and then speeded up 
when it's leaving; on the other side the order is reversed. When two 
electrons which started together are past the solenoid, one is ahead of 
the other and therefore there is a relative displacement of the wave 
packets. Now that is exactly what the electrostatic experiment here 
confirms, namely that relative displacement will lead to an interference 
pattern shift analogous to that of the B-A effect. Therefore, 
conceivably, the B-A effect is also really a classical electromagnetic 
lag effect. 

De Martini . I tend to agree with many of Marshall's ideas and I don't 
see them as revolutionary; actually I see them as very close to QED. For 
example, it's been demonstrated that the zero point fluctuations are 
actually responsible for spontaneous emission. This comes out of making 
standard quantum mechanical assumptions about the reality of an 
experiment and the hermiticity of an operator. So what Marshall said 
this morning was that spontaneous emission is stimulated by the zero 
point energy. Secondly, I agree with Marshall's reluctance to talk about 
particles. My only point of disagreement with Marshall is that he had to 
introduce a nonlinearity to guarantee the stability of the field. In 
fact the idea of Einstein and de Broglie was to build up a soliton 
solution that is stable in time and space. Your solution is not stable. 
Quantum field theory suggests that the quantum numbers may be related to 
soliton stability. So, I agree with Marshall that the particle is not a 
stone. Certainly, what Einstein had in mind was that the particle is a 
soliton solution, i.e. a perturbance with an associated energy to a 
field. 

Vigier . I have two remarks to make: With respect to the beginning of 
Marshall's talk and the general nature of the discussions here, I am 
concerned that "Quantum Violations" may not be an appropriate title for 
this Conference. Although we can reinterpret quantum mechanics, I have, 
so far, seen no evidence of quantum violations. Accordingly, I suggest 
that the Proceedings of this Conference be published under the title, 
"Quantum Uncertainties." This title reflects more closely the nature of 
these discussions and would draw less antagonism from the community in 
which those who question the Copenhagen interpretation are still very 
much in the minority. 

My second remark deals with Marshall's models. First, I must say 
that what De Martini has been saying about the soliton is exactly 
de Broglie's point of view. In 1927, he proposed the pilot wave, saying 
that the photon is a point and the Maxwell field surrounds and guides it. 
However, he himself knew very well that this was a simplification for the 
convenience of the calculations. He and Einstein wanted to have 
something like nadelstrahlen and this is physically absolutely necessary 
because any linear solution of Maxwell's equations is bound to spread 
with time. Now you can do exactly the same esqperiments on photons 
originating in distant galaxies as you can with photons produced 50 cm 
away; you can do the same photoelectric effect, the same double 
scattering effect, etc., so those nadelstrahlen just won't do. You have 
to add something to Maxwell's equations and you have to find a 
soliton-like solution if you want to defend that point of view, which I 
also approve. I am sympathetic to your argument about the background 
zero point field. If those neutron experiments justify the wave and 
particle model, then something must carry the de Broglie waves, and I see 
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no other possibility saying that the de Broglie waves are collective 
motions, like a sound wave, carried by a random vacuum. This is where, 
in my opinion, SED has failed, by dropping the particle aspect, for as 
soon as you say that the particle is just something, extended if you 
like, moving in a chaotic field, you cannot recover the quantized orbits 
correctly. Quantum mechanics has been a very successful theory and any 
reinterpretation must recover the known, experimentally tested 
predictions. That is why I favor the quantum potential approach because 
it goes beyond quantum mechanics while at the same time recovering the 
predictions of quantum mechanics. If you don't do that, if you just 
ignore some aspect such as the hydrogen atom orbits or the double 
scattering procedure or the photoelectric effect, then you are in trouble 
with precisely the points where quantum theory has scored its biggest 
successes. Therefore, any attempt to re-establish causality and realism 
in quantum theory must start with a model where one knows one will 
recover the known observations. 

Selleri . I want to ask Marshall about the photoelectric effect for if 
his theory cannot explain it, and I belive it cannot, then this theory is 
untenable. 

Marshall. I agree with Vigier that we shold rename the Conference and I 
would like to use a name similar to that of the Bari Conference, which 
was Open Questions in Quantum Physics. 


The closeness of SED to QED is natural because of the similarity of 
the correlation algebra to the commutation algebra. For the free 
radiation field it is rather striking and the explanations it provides 
for the Casimir effect is almost the same. To that extent one would 
expect a much closer and quicker approach to QED from this direction than 
one would from the double solution approach. However, I would not say 
that we have anything like solitons and indeed if we did have something 
like solitons, we would be much closer to what the de Broglie school 
thinks we should have. 

As far as the electromagnetic field is concerned, all my instincts 
are to disagree with the de Broglie school on this point. The 
nadelstrahlung which I described is sort of halfway between a soliton and 
a well-defined bunch. The latter can travel large distances while 
retaining its shape. What the de Broglie school wants me to have is a 
soliton, and a soliton would keep its size all the way to distant stars. 
For a really disastrously spreading thing, the size of the bundle would 
vary linearly with the distance, while the thing I'm describing varies 
with the square root of the distance. Therefore, it can go quite a long 
way without deformation. 

Now as for obtaining Bohr orbits, this is an area where SED has not 
done as well as I had hoped when I began to work in this area, and to 
that extent I agree with Vigier. 

With respect to te photoelectric effect, don't forget that there was 
a semiclassical theory in the 60*s and 70"s that did actually do the 
photoeffect; that's the Jaynes theory. The Jaynes theory treated atoms 
quantum mechanically, but it did the radiation field classically and it 
did the photoeffect. It failed when it came to the kind of things that I 
described this morning, because Jaynes rejected the idea of a real zero 
point field. What I am suggesting is that one may be able to put 
together the successful ideas of Jaynes with respect to photoelectricity 
and the successful ideas of Santos and myself with respect to these, 
previously-considered, particle aspects of the photon. We have got 
aspects of the photon without any actual particles, any little dots in 
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the middle of the nadelstrahlung . The nadelstrahlung is a highly 
localized solution of Maxwell*s equations and it*s spread out a long way 
in length, of the order of meters, and it*s spread only a little way in 
width, of the order of half a millimeter. 

De Martini . You should explain the phenomenology of the photoelectric 
effect. 

Marshall . Jaynes showed that if you put a classical electrical field 
into the nonrelativistic Schrodinger equation, you get the photoelectric 
effect. 

Vigier . Not at huge distances. 

Marshall . I think it does at huge distances. 

De Martini . No. It doesn*t have enough energy. 

Honig . I would like to ask Selleri about enhancement and if he has a 
mechanism for it. 

Selleri . I agree with the idea of enhancement and I think it contains a 
lot of physics, from which can come great developments. I am glad that 
Marshall is studying enhancement; we are also studying enhancement at 
Bari, although we adopt a dualistic approach. We believe that photons 
are particles and waves at the same time, and we study enhancement within 
this framework rather than with SED. 

Santos . It is perfectly possible to have solutions of Maxwell*s 
equations which propagate without deformation, because the equations are 
for a motion in a nondispersive medium, such as a vacuum. Therefore, a 
wave packet from a distant star should arrive there with the same shape. 

I agree that SED up to now has not been able to provide a good 
explanation for the hydrogen atom or for the photoelectric effect. 
However, SED .has succeeded in explaining the Casimir effect and, in 
general, for those problems in which the essential ingredient is the 
radiation by itself, not the interaction of the radiation with matter. 
What Marshall and I have initiated is the study of the propagation of the 
radiation, with ad_ hoc assumptions for the emission and absorption of 
radiation. Of course, this is only tentative; it is not the final 
theory, but a step in that direction. 
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1. INTRODUCTION 

P. A. M. Dirac [1] emphasized the fact that several dramatic advances 
in physics have come from the solution of a previous conflict between two 
well established theories (which is just an example of the usefulness of 
the dialectic method). For instance, the contradiction between Newton's 
mechanics and Maxwell's electromagnetism was solved by Einstein with the 
introduction of special relativity. Similarly, the conflict between spe¬ 
cial relativity and Newtonian gravitation gave rise to general relativity. 

A conflict similar to the latter is the one existing at present between 
local realism and quantum mechanics. In fact, in both cases the conflict 
arises because it is predicted a violation of the principle of local ac¬ 
tion: by gravitational forces at a distance in the first case, and by 

the influence of a measurement on another one performed at a distant place, 
in quantum mechanics. As the principle of local action (signals cannot 
travel faster than light) is at the roots of relativity theory, I guess 
that a dramatic advance in physics will soon take place, when this conflict 
is solved. 

Local realism stands for the conjunction of a general philosophical 
principle (material systems have properties independently that they are 
measured) and the physical principle of local action. The discovery that 
some predictions of quantum mechanics are not compatible with local real¬ 
ism was made by J. S. Bell [2] in 1965. More than 20 years have elapsed 
since and it is not yet clear whether the incompatibility of principle 
can be tested empirically. My personal conjecture is that it cannot. Of 
course, this opinion departs from the current state of opinion that not 
only can the contradiction be shown by experiments, but that local real¬ 
ism has been already refuted empirically. I am in strong disagreement 
with the last assertion, and the main purpose of this talk is to show that 
it is false. The second aim is to indicate what experiments may likely 
show a violation of quantum mechanics. 

In Sections 2 and 3 I will briefly review the theoretical basis for 
the conflict between local realism and quantum mechanics. The main criti¬ 
cism to the experiments performed is made in Sections 5 and 6. Finally, 
in Section 7 I shall indicate optical photon experiments that may likely 
show a violation of quantum theory. 


313 



2. LOCAL HIDDEN-VARIABLE THEORIES 


Proofs of the contradiction between local realism and quantum mechan¬ 
ics have been considered with different levels of generality. In my op¬ 
inion, as the generality of the proofs increases, their clarity decreases. 

A consequence of this fact is that several people, including eminent au¬ 
thors [3], have arrived at the conclusion that the said contradiction does 
not exist. Therefore, it seems to me convenient to start analyzing the 
conflict between quantum mechanics and a restricted form of local realism, 
represented by deterministic local hidden-variable (LHV) theories . It is 
interesting to point out that the original proof by J. S. Bell [2] was 
given for this restricted class of theories. 

The experiments giving rise to a contradiction between the predictions 
of quantum mechanics and those of any deterministic LHV theory are the fol¬ 
lowing. Some event takes place in a region S (the source) at a time t 0 , 
and signals (maybe particles) are sent from the source to two separated 
regions of space, A and B. A measurement is performed at time t x > t 0 in 
region A and another measurement at t 2 > t 0 in region B. It is assumed that 
11 1 -1 2 | < c/R 12 , where R 12 is the distance between regions A and B and c 
is the speed of light. For the sake of brevity I shall call EPR experi¬ 
ments those of the kind just described. The hypothesis that the measure¬ 
ments so performed cannot have any influence on each other is called 
locality , although in other contexts it is called relativistic causality . 
This hypothesis is a particular case of the principle of local action. The 
contradiction arises because, for some EPR [4] experiments, quantum mechanics 
predicts correlations between the results of the measurements which are 
stronger than any possible correlation established by the common past of 
the signals arriving at A and B (i.e., established in the source). 

If an EPR experiment is performed N times, a sequence of pairs of real 
numbers is obtained, (aq, (3^}, i = 1, ..., N. The empirical correlation 
is defined by 


N 

<a(3> = 1/N I (1) 

i=l 

It must be pointed out that the usual definition of correlation in mathe¬ 
matical statistics is not (1), but rather, 

<ap>-<axp> 

<a(3> stat = -. (2) 

(< ol 2 >-< ol > 2 ) 1 / 2 (<$ 2 >-<$> 2 ) 1 / 2 

This fact has given rise to some confusion. For instance, Eq. (2) has been 
used to show counterexamples to theorems established for (l). Although 
either (1) or (2) could be used for the proof of impossibility of deter¬ 
ministic LHV theories, practically all published proofs involve (1). 

The prediction of any deterministic LHV model for (l) can be obtained 
from the probability P a £ (a, b) of getting the pair of numbers (a, (3} in 
the measurements made in A and B respectively. This probability is 

P a £(a, b) = /dp(A) p a [A(t), a] pP[A(t'), b], 

t < t.-c/Ri, t 1 < t 2 -c/R 2 , (3) 

where R x (R 2 ) is the distance from the source S to region A(B), c the speed 
of light, p a [A, a] the probability of getting the result a in the region 
A with a specified measuring apparatus a, A(t) being a set of parameters 
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describing the state of the source at time t, and similarly for p^[A, b]. 

An appropriate probability measure in the space of samples of (the sto¬ 
chastic process) A(t) is used Eq. (3) means that the probability of getting 
the result a, for a given measuring apparatus, a, set in A, depends on the 
history of the source, specified by A(t). Then p a [A, a] is a functional 
of A(t) and similarly for p^[A, b]. The fact that a product of probabil¬ 
ities appears in (3) means that any correlation between a and b was es¬ 
tablished in the common past (the source). 

Equation (3) is the general framework for deterministic LHV theories 
if p a and p£ represent certainties (i.e., they can only take the values 1 
or 0). On the other hand, Eq. (3) is a framework for stochastic LHV the¬ 
ories if p a and p£ may take other values in [0, 1]. In view of this fact, 
it seems absurd to insist on determinism, as I have done above. The point 
is the following*. Eq. (3) is a necessary and sufficient conditon for de¬ 
terministic LHV theories, but only a sufficient conditon for LHV theories. 
The lack of necessity of (3) for general LHV theories has been recently 
stressed by Popper [3] but it should be clear long ago. In fact, it is 
rather trivial [5] to exhibit stochastic LHV models in which Eq. (3) is 
not used (in particular there is no factorization within the integral). 

It is enough to average over one of the parameters in (3) in order to de¬ 
stroy the factorized form of the integrand. On the other hand, such an 
averaging transforms a deterministic model into a stochastic one. Eor 
this reason it is not controversial that any deterministic LHV model of 
an EPR experiment involves (3), to the point that (3) can be used as a 
definition of deterministic local realism. In contrast, as said above, it 
is controversial whether (3) represents adequately stochastic (probabil¬ 
istic) LHV models. Even more controversial is whether (3) is necessary 
for local realism , a not well defined concept supposedly more general than 
hidden-variable theory. I do not want to enter in the polemic and I avoid 
it simply by giving the following classification: 

Class I . People arguing that (3) does not necessarily apply to all 
EPR experiments. 

Class II . People considering that any EPR experiment can be described 
by (3). 

Class I includes two quite different subclasses: a) People supporting 
the Copenhagen interpretation of quantum mechanics, and b) some critics of 
the orthodox view which, nevertheless, do not attach any relevance to the 
Bell inequalities [3, 6]. It should be pointed out that many orthodox 
people do attach a relevance to the Bell theorem as having shown the use¬ 
lessness of hidden-variable theories. I belong to class II, so I should 
give arguments in favor of the necessity of (3). However, my experience 
is that I will not succeed in changing a single person from class I to class 
II with such arguments, so I will not insist any more. It must be realized 
that any argument for the necessity of (3) will involve at some point a 
formal definition of LHV theory, definition which will not be accepted by 
people in class lb. The remainder of the present paper concerns the analy¬ 
sis of the contradiction, if any, between the predictions of (3) and those 
of quantum mechanics. 


3. HOMOGENEOUS AND INHOMOGENEOUS BELL'S INEQUALITIES 

The proof of the contradiction between local realism and quantum mechan¬ 
ics usually goes through two steps. Firstly, a Bell's inequality is derived 
from (3) for an EPR experiment. Then, it is shown that the quantum mechani¬ 
cal prediction violates the inequality. (There are derivations of Bell's 
inequalities [7, 8] not using explicitly (3), but hypotheses apparently more 
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general. However, I doubt that they are really more general.) Actually, 
the Bell inequalities cannot be derived directly from (3), but an approxi¬ 
mation is needed. In fact, it is necessary to replace the time-dependent 
expression (3) by a time independent one writing, instead of (3), 

P a £(a, b) = /p a (A, a) p0(A, b)p(A) dA, A e A, (4) 

where A is a set of (hidden) variables with probability density p(A). This 
is the usual starting point for the derivation of the Bell inequalities. 

The change from (3) to (4) involves neglecting some memory and collective 
effects, which will be considered in more detail in Section 5. 

A simple derivation of the Bell inequality from (4) goes as follows 
[9]. It is considered the repetition of four similar EPR experiments all 
with the same source prepared in identical conditions, but using either 
apparatus a or a' in A and either apparatus b or b 1 in B. The variables 
a and (3 are dichotomic observables taking the possible values ±1 (or 1 
and 0) and it is considered the case +1 only (which corresponds usually to 
the record of a count in a detector). Then, four primary probabilities are 
involved fulfilling the obvious inequalities 

0 < p(X, a), p(X, a'), p(X, b), p(X, b') < 1, X e A (5) 

where the superscript +1 has been omitted for simplicity. From (5) it 
follows easily 

p(X, a)p(X,b)-p(X, a)p(X, b' ) + p(X , a')p(X,b)+p(X, a')p(A,b') < 

p(X, a' ) + p(X, b). (6) 

If (6) is averaged over A (i.e., multiplied by p(A)dA and integrated) one 
gets 

P(a, b) -P(a, b') + P(a*, b) + P(a*, b') < P(a*) + P(b). (7) 

This inequality involves, not only the coincidence probabilities considered 
in (3) and (4), but also the single probabilities 

P(a') = /p(A)p(A, a')dA, P(b) = /p(A)p(A, b)dA. (8). 

In consequence, I have proposed to call (7) inhomogeneous Bell's inequality. 
The important point is that its derivation involves the inhomogeneous sec¬ 
ond inequality (5) (besides the homogeneous first inequality (5)). 

Inequality (7) is difficult to test empirically due to the fact that 
only a fraction of the signals produced in the source can be analyzed with 
the apparata placed at A and B. In the first place, the signals may travel 
in the wrong direction not arriving at regions A or B. Secondly, the mea¬ 
suring apparata have a finite efficiency, so that not all signals arriving 
are detected. If f is the fraction of the signals emitted which are actually 
detected, P(a') and P(b) are of order f whitest P(a, b), etc., are of order 
f 2 . Therefore, the inequality (7) cannot be violated except if f is close 
to unity. More or less plausible estimates could be made about the fraction 
of all signals which arrive at the measuring apparata, so estimating the 
different probabilities involved in (7) from the counting rates, but the 
procedure is uncertain. Even more dangerous is to extrapolate the results 
actually measured with low-efficiency detectors in order to estimate the 
results with ideal (100% efficient) detectors. I shall return to this 
point in Sec. 4. 

A procedure suggested to avoid the problem of the finite efficiency 
of detectors is to test homogeneous inequalities, involving only coin- 
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cidence probabilities. Such inequalities cannot be derived from (5), but 
it is necessary to use homogeneous inequalities instead, like 

0 < p(A, a), p(A, a'), p(A, b), p(A, b') < p(A, ~), (9) 

where p(A, °°) will be defined below. Hence, it is easy to derive 

0 < P(a', °°) + P(°°, b) - P(a, b) + P(a, b') - P(a', b) - P(a' , b') < 

P(°°, °°)> (10) 

which are homogeneous inequalities, involving only coincidence counts. 
Inequalities (9) have been postulated on the basis that the apparatus 
placed at A(B) usually involves a selector (polarized, Stern-Gerlach, etc.) 
and a detector, and p(A, °°) is the detection probability when the selector 
is not present. (The labels a, a 1 , b, b' usually represent the orienta¬ 
tions of the selector.) Then, it is assumed as plausible that the detec¬ 
tion probability with the selector in place can be written 

p(A, a) = q(A, a)p(A, ~) (11) 

where q(A, a) is the probability that a signal crosses the selector. From 
the fact that q(A, a) < 1, inequality (9) follows. What is not obvious, 
however, is Eq. (11), which presumes that crossing the selector does not 
influence the detection probability of the signal. In fact, if this po- 
sibility is taken into account we should write p(A, a, °°) instead of p(A, 

°°) in (ll) and the inequalities (9) and (10) cannot be derived. The deriva¬ 
tion of (10) involves therefore the contradiction of assuming that local 
influences between selector and detector in region A do not exist in 
order to prove that nonlocal influences between apparata in regions A and 
B do exist if (10) is empirically violated [10]. 

In summary, homogeneous inequalities like (10) do not derive from 
local realism (represented by Eqs. (4) and (5)) but from particular as¬ 
sumptions like (9). Note that (9) cannot be tested directly because it 
should be true for any value of the hidden variables A. On the other hand, 
inhomogeneous inequalities like (7) could only be tested with very effi¬ 
cient detectors. 


4. EXPERIMENTAL TESTS OF THE INEQUALITIES 

Many empirical tests of Bell's inqualities have been proposed till 
now and several have been performed. Practically all tests involve the 
measurement of the correlation between the spin projections (or polariza¬ 
tions) of pairs of particles (or photons) prepared in a pure quantum state 
(e.g., a spin singlet). I shall not attempt to review all proposed tests 
but to discuss only two most important kinds: atomic cascade (or related 
ones) and molecular tests. (A review of the empirical tests previous to 
1978 was given by Clauser and Shimony [7] and only the Orsay [11] and 
Stirling [12] groups have made experiments after.) A common feature of 
these two kinds of tests is that they involve low energies (of the order 
of electron-volts), whilst energies thousand times larger are involved 
in most other tests (e.g., pairs of gamma rays produced in the decay of 
positronium or proton-proton scattering) [7]. Low energy tests have the 
advantage that the selector used in the EPR experiment (polarizers in the 
atomic cascade tests or Stern-Gerlach analyzers in the molecular tests) can 
be described in classical terms. In contrast, the spin projection (or 
polarization) of a high energy particle (or photon) can be only measured 
by the interaction with another particle, and this process must be analyzed 
using quantum concepts. The recourse to quantum theory for the analysis 
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of the experiment invalidates the test of local realistic theories in most 
high energy tests. (From now on I shall use the word photon only as a 
shorthand for light signal, without necessarily attaching quantum prop¬ 
erties to it.) 

In atomic cascade experiments [7], the inhomogeneous inequality (7) 
is very well fulfilled, the left hand side being about one thousand times 
greater than the right hand. This is due to the combination of two facts. 
In the first place, the pair of photons to be analyzed appear in a three- 
body decay with the consequence that only scarcely the two photons propa¬ 
gate in opposite directions. The probability that a photon enters the 
lenses system (covering an angle not greater than 60°) is about 10% and 
the probability that both photons of a pair enter is of 1%. It is pos¬ 
sible, in principle to derive the inhomogeneous inequality (7) only for 
pairs of photons such that both enter the lenses systems (it is enough 
to average (6) over the appropriate subensemble of values of A). It is 
not so easy, however, to estimate the probabilities involved in (7) from 
the measured rates because the ratio between coincidence and single count¬ 
ing rates is not the same as the ratio between coincidence and single prob¬ 
abilities. But even if the fraction of single counts corresponding to pairs 
both entering the measuring apparata could be accurately estimated a prob¬ 
lem appears with the low efficiencies of photon detectors. In fact, the 
efficiencies are of order 15%, so that the left hand of (7) is about one 
hundred times higher than the right hand even for the restricted suben¬ 
semble of pairs just discussed. 

The standard procedure to circumvent the problem is to assume that 
the ensemble of pairs actually detected is a representative sample of the 
pairs arriving at the detectors. But this implictly uses an assumption of 
indistinguishability for the photons which is typically quantal. It is ob¬ 
vious that this assumption means nothing, for instance, for classical wave 
packets. In the experiments performed, the hypothesis of indistinguish¬ 
ability is incorporated through Eq. (11) or inequality (9), and the in¬ 
equalities tested have been always homogeneous like (10). It is not ne¬ 
cessary to repeat here the arguments given in the previous section show¬ 
ing that homogeneous inequalities are not genuine Bell's inequalities, 
derived only from local realism. In conclusion, atomic-cascade experiments 
are inadequate for the test of local realism , a fact already recognized 12 
years ago [9], but not seriously taken into account until recently [13]. 

This conclusion does not mean that the experiments performed have been 
useless, because, if we believe in local realism, they have shown the ex¬ 
istence of a new physical phenomenon: the violation of the inequalities 
(9) by light signals. That is, the detection probability of a light signal 
can be enhanced in crossing a polarizer. The discovery of enhancement 
opens a new line of research in optics whose consequences may be far reach¬ 
ing. My colleugue T. W. Marshall speaks in this conference [14] about our 
joint work on this line. 

In view of the impossibility of testing local realism with atomic- 
cascade experiments, due to the low efficiency of optical photon detectors, 
Lo and Shimony [15] have proposed a molecular test. In it, a sodium mole¬ 
cule in a singlet state is dissociated, by laser light, in two atoms whose 
spin components along chosen axes can be measured with Stern-Gerlach ana¬ 
lyzers. This kind of test solves, in principle, the two difficulties dis¬ 
cussed above for the atomic-cascade tests . In fact, the molecular dis¬ 
sociation is a two-body problem so that the resulting atoms travel in op¬ 
posite directions with the consequence that if one enters the aperture of 
the first measuring system, also the other atom of the pair likely enters 
the corresponding aperture in the second system. In the second place, very 
efficient detectors are available and also the Stern-Gerlach analyzers have 
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a high efficiency. A careful analysis, however, has shown that the experi¬ 
ment, as it was initially proposed, does not provide a reliable test of 
LHV models [16]. 

Then the present status of the empirical test of Bell's inequalities 
can be summarized as follows. No experiment performed till now has pro¬ 
vided a valid test of local realism . In fact, high energy experiments 
should be interpreted using quantum theory if the results are to be con¬ 
sidered as violations of Bell's inequalities, which invalidates them as 
tests of (classical-like) LHV models. Atomic-cascade experiments are use¬ 
less due to the low efficiency of optical photon detectors. Also, no suit¬ 
able test seems to be in preparation for the near future. The lack of a 
true empirical test of local realism versus quantum mechanics 20 years after 
Bell's discovery suggests that the contradiction of principle may not ex¬ 
ist in practice. 


5. TIME-DEPENDENT AND COLLECTIVE EFFECTS IN THE SOURCE 

As said in Section 3, the Bell inequalities are not derived from (3), 
which I use a representation of local realism, but from (4). In going from 
(3) to (4) an approximation is made with the result of neglecting a number 
of possible time-dependent and collective effects in the source. (Even 
(3) is not general enough for the analysis of the actual experiments, which 
use an electronic coincidence circuit producing an asymmetry between the 
apparata in regions A and B, asymmetry not reflected in (3) [17].) In prac¬ 
tice, the source consists of a set of particles which emit pairs of signals 
when they are suitably excited by an external field. For instance, in 
atomic cascade experiments, the source consists of atoms excited by laser 
light (or other means) that emit pairs of photons. Now, using Eq. (4) is 
equivalent to consider that the behavior of the source can be described 
as a set of instantaneous events (e.g., the decay of each atom) and that 
all types of correlations between such events can be neglected. Then, the 
single time-dependent experiment is analyzed as if it consisted of a large 
number of independent experiments. (It is paradoxical that the analysis 
uses the most naive form of local realism.) The neglected correlations, 
however, may give rise to several effects that I analyze in this section 
and the following one. They can be classified in three groups: 

1) Time-dependent effects , due to correlations between events at dif¬ 
ferent times 

2) accidental coincidences , due to events arising at the same time 
in different places; 

3) rescattering of a signal by a particle in the source (e.g., a pho¬ 
ton by an atom). 

As an example of the relevance of these effects, I shall analyze in 
detail the problem of the accidental coincidences in the following section. 
Here I consider briefly time-dependent effects and rescattering. 

The first kind of time-dependent effect is the possibility of communi¬ 
cation amongst the measuring apparata at regions A and B, or between these 
apparata and the source, which is possible in all static experiments. This 
communication may give rise to violations of the Bell inequalities without 
any conflict with the principle of local action. The experiment of Aspect, 
Dalibard, and Roger [11] with time-varying analyzers has been performed 
in order to block this loophole in the refutation of LHV theories. The 
problem of possible communication between the measuring apparata in static 
experiments received a great deal of attention in the past decade, but now 
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we have realized that the problem is not very relevant. In the first place 
already the violation of genuine Bell's inequalities in static experiments 
would be very strange, because any LHV theory able to explain this viola¬ 
tion should involve interaction not decreasing with distance. Secondly, 
and more important, the inequalities violated in atomic cascade experi¬ 
ments are not genuine (inhomogeneous) Bell's inequalities as discussed in 
Sections 3 and 4. In consequence, I shall not discuss the point any more. 

Another kind of time-dependent effect is related to the practical way 
of dealing with coincidence counts by means of an electronic circuit. The 
fact that this establishes correlations between signals emitted at differ¬ 
ent times and may produce violations of the Bell inequalities has been no¬ 
ticed by several authors in the last few years [17-20]. In particular, 
Pascazio has pointed out that the coincidence counting electronics used in 
atomic cascade experiments can act as a source of non-locality [20]. The 
effect would not arise if there were no correlations between pairs of sig¬ 
nals emitted by the source at different times. In practice, weak sources 
are used in order that each pair of emitted signals is well separated from 
other pairs, so minimizing the correlations (for instance, in atomic cascade 
experiments, the time interval between the decays of two different atoms 
is usually larger than the lifetime of one atom in the middle state of the 
cascade). However, the hypothesis that signals are well separated in time 
is not at all classical and should be avoided if LHV theories are to be 
refuted. For instance, in a pure wave theory of light the source is as¬ 
sumed to emit a continuous wave rather than instantaneous signals. In spite 
of these criticisms, my opinion is that only short time correlations are 
likely to be important and these are discussed in detail in the next sec¬ 
tion. Long time correlations (e.g., involving times much larger than the 
lifetime of the intermediate state in atomic cascade experiments) are prob¬ 
ably less important. 

The rescattering of photons (trapping of light) in the atomic source 
was already noticed in the early (1972) experiment of Freedman and Clauser 
[7]. Subequent atomic cascade experiments used lower density sources and 
the problem did not arise until the Orsay experiments [11], which again 
used intense sources in order to have better statistics. A controversy 
exists about the relevance of rescattering in these experiments. Aspect 
et al. [11] recognized the use of more intense sources than Freedman and 
Clauser, but their beam had smaller transverse dimensions. In these condi¬ 
tions they estimated that less than 1% of the detected light could have 
experienced a rescattering. However, Selleri [21] estimated that the frac¬ 
tion is much larger and Pascazio [22] obtained a value as high as 33%. In 
a later paper. Aspect and Grangier [11] have criticized these estimates. 

Maybe more important than the exact amount of rescattering is to pre¬ 
dict the modification that this fact could produce in the counting rates. 

In principle, three possibilities should be taken into account: (i) photons 
initially moving in the right direction to enter the lenses system which 
are scattered outside them; (ii) photons initially in the wrong direction 
which are scattered inside; and (iii) photons initially in the right direc¬ 
tion scattered so that they yet enter the apertures. The second effect is 
likely more important than the first one, for reasons to be explained below, 
so the actual counting rate should be smaller than the one without rescat¬ 
tering. This is, however, irrelevant because only ratios of coincidence 
counting rates are used in the tests of the (homogeneous) Bell's inequal¬ 
ities. The only effect that remains is a depolarizing effect which would 
result in correlations between polarization smaller than predicted by quan¬ 
tum theory. No such effect is found either in Freedman and Clauser's or 
in the Orsay experiments. An accurate estimation of the depolarizing 
effect is not easy, but it is likely small. This is because the Doppler 
effect prevents rescattering except for photons moving at right angles with 
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the atomic beam. In fact, the longitudinal dispersion in speeds of the 
atoms in the beam is large whilst the transverse speeds are very small. 

As the axis of the lenses systems is perpendicular to the atomic beam, the 
scattering is more likely at small angles where the depolarization is smal¬ 
ler The argument, however, is rough and a correct estimate of the depolar¬ 
izing effect should be welcome. The possibility that a photon is coherently 
scattered by several atoms should also be taken into account. 

As a summary of this section, I conclude that time-dependent effects 
and rescattering of signals by particles in the source are likely not very 
important for the tests of Bell's inequalities. 


6. THE CORRECTION FOR ACCIDENTAL COINCIDENCES 

In any experimental test of the Bell inequalities the source contains 
many particles emitting pairs of signals. When two signals are detected 
in coincidence, it is impossible to know whether they come from the same 
particle or from two different ones or if they have been emitted collec¬ 
tively by several particles. Actually, in the derivation of the Bell in¬ 
equalities given in Section 3 it is irrelevant whether a pair of signals 
is emitted by one particle or by the whole source. Therefore any analysis 
of the way in which pairs of signals are emitted is not necessary. How¬ 
ever, it is a fact that most experiments performed until now do not show a 
violation of the Bell inequalities by the raw empirical data, but only after 
a background subtraction of the "accidental coincidences." I made this 
criticism at the Bari workshop [23] held in 1983, on the basis that any 
background subtraction increases the correlation. At that time only the 
early experiment by Freedman and Clauser showed a violation of the (homo¬ 
geneous) Bell inequalities by the raw empirical data [7]. In particular, 
none of the most accurate experiments by the Orsay group [11] showed that 
violation. The criticism led Grangier and Aspect to perform a new experi¬ 
ment in 1985 which showed a significant violation of a (homogeneous) Bell's 
inequality without making any correlation [11]. As a consequence, any 
criticism resting upon the correction for accidental coincidences in atomic 
cascade experiments is now obsolete. (Of course, it is also irrelevant be¬ 
cause these experiments do not test genuine, i.e., inhomogeneous, Bell in¬ 
equalities as said in Section 4.) However, the criticism is relevant for 
the proposed molecular experiments [15, 16]. Then, it is worth to show 
a specific local realistic model which violates the Bell inequality after 
the usual correction for accidental coincidences. For the sake of clarity, 

I construct the model for atomic cascade experiments although, as said 
above, the criticism is not important in this case. 

In a typical experiment, atoms in a source are excited by incoming 
light (e.g., a laser). It is assumed that, from time to time, one of the 
excited atoms decays with the emission of two photons, say a "green" photon 
and a "blue" photon (these colors correspond to the wavelengths of the 
photons emitted in the cascade 4p 2 1 S 4S4P 1 ?! -* 4s 21 S 0 of the calcium 
atom, used in four of the experiments [7, 11]). After crossing a lenses 
system, a filter and sometimes a polarizer, each photon can be detected 
by an appropriate phototube. A coincidence circuit exists such that a 
count is recorded whenever a green photon is detected at a time, say t 0 and 
a blue photon is also detected, by other detectors, within the time inter¬ 
val (t 0 + t, t 0 + t + t w ). The coincidence window, t w , is usually chosen 
to be larger than the lifetime, t, of the intermediate state of the atomic 
cascade. Two rates, Rexp^* t) and Rexp(°°> t), can measured as func¬ 
tions of the delay time, t. Rexp^* t) is t ^ ie coincidence rate with two 
polarizers inserted, one for each photon, at a relative angle <j>. Rexp(°°> t) 
is the coincidence rate when both polarizers are removed. (In some cases 
it is also recorded the coincidence rate with only one polarizer inserted.) 
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The single rates may be measured too, both with and without polarizers. 

We shall label R 1 (R 2 ) the single rates of green (blue) photons at the cor¬ 
responding detector with the polarizer inserted and R[(R 2 ) the single rate 
without polarizer. 

The relevant data reported in a typical experiment can be fitted by 
the following expressions: 

R exp^» t) = exp(-t/x) + A; RexpC 00 * t) = R 0 exp(-t/x) + B; (12) 

R x R 2 = A/t w ; R [ Ri = B/t w ; R(4>)/R 0 = C ± D cos 2*; (13) 

where the constants A, B, C, D and R 0 are positive. The (±) sign in Eq. 
(13) corresponds to the 0-1-0(1-1-0) cascade of the calcium (mercury) atom 
used in four [7, 11] (three [7]) experiments. The Stirling group [12] uses 
the two-photon decay of atomic deuterium, which is not a cascade, but is 
similar to the 0-1-0 case with respect to the polarization correlation of 
photons. As seen in (12), the time variation of the coincidence rates con¬ 
sists of two parts: a constant background (A or B), and an exponentially 
decreasing term (R(cj)), or R 0 , times exp(-t/x)). It is standard practice 
to assume that the background term (A or B) corresponds to accidental co¬ 
incidences and the exponentially decreasing term corresponds to true coin¬ 
cidences. The main purpose of the present section is to show that this 
assumption is questionable if one attempts to refute all LHV models. 

Actually, not all the parameters involved in Eqs. (12) and (13) are 
given in the published reports of the experiments, but usually these values 
can be obtained from the reported data. In general, it has been reported 
that the background rates, A and B, are proportional to the square of the 
cascade rate, R, whilst R((f)) and R 0 are just proportional to R. This is 
interpreted as an additional argument for ascribing the background to ac¬ 
cidental coincidences. In order to show that neither the dependence on 
the time delay given by Eqs. (12) nor the dependence on the cascade rate 
found empirically are sufficient justification for the background subtrac¬ 
tion practice, I construct a simple model which reproduces Eqs. (12) and 
(13) and gives also the empirical dependence of the parameters on the cas¬ 
cade rate for most experiments. 

In the first five [7] experiments the quantity more accurately mea¬ 
sured is the Freedman parameter 

6 = |R(3ir/8) - R(tt/8)|/R 0 - V 4 . (14) 

The refutation of LHV theories rests upon the evidence of a positive 
value for <5 because it is claimed that all LHV enhancement-free (see Sec¬ 
tion 4 above) models predict <5 < 0, this being the Bell inequality tested. 
That inequality can be easily derived from (10). However, this claim in¬ 
volves making specific assumptions about the mechanism of production of 
accidental coincidences. Without these assumptions the parameter to be 
tested is not <5, but the following one: 

6' = l R exp( 3lr / 8 > °) ‘ Rexp^ 11 / 8 ’ °) I/ R exp(°°> °) ' X / 4 ~ 

[6 - 1 / 4 (B/R 0 )] (1 + B/Ro) -1 . (15) 

In order to make this point clear, we shall show that there are enchance¬ 
ment-free models violating 6 < 0, but not 6' <0. 

The model assumes that each photon is characterized by a single param¬ 
eter X and that this parameter has the same value for the two photons 
(green and blue) emitted from the same atom. The probability of a true 
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coincidence count in a time-delay channel, conditional to the decay of an 
atom is assumed to be 

P(a, b; t) = exp(-t/ t )/p(A, a)p(A, b)p(A)dA, (16) 

where I use a notation similar as in (4). The factor exp(-t/T) is the 
probability that the blue photon is emitted within t and t + t^ after the 
emission of the green one (assuming t w » t). Similarly, if both polar¬ 
izers are removed, the coincidence probability is assumed to be 

P(°°, °°; t) = exp(-t/A)/p(A, °°)p(A, °°)p (A)dA, (17) 

where °° represents the absence of polarizer. The model will be enhance¬ 
ment-free if (9) is fulfilled. 

In order to calculate the probability of an accidental coincidence, 

I define W(A'/A; t)dA' to be the probability that there is one blue photon 
with parameter in dA 1 of A 1 , emitted in the time interval (t 0 +t, t 0 +t + 
t w ), conditional to the emission of a green photon with parameter A at time 
t 0 , excluding the case that both photons come from the same atom. Then, 
the probability of an accidental coincidence in the time-delay channel con¬ 
ditional to the decay of an atom at time t 0 will be 

P ac (a, b; t) = /dAp(A)p(A, a)/W(A'/A; t)p(A*, b)dA*. (18) 

The function p is assumed to be the same in (18) and (16) because the 

lenses systems, polarizers and detectors M do not know*' whether the arriv¬ 
ing photons come from different atoms or from the same one. In analogy 
with (18), if the polarizers are removed we will have 

p ac(°°> °°; t) = /dAp(A)p(A, 00 )/W(A 1 /A; t)p(A', °°)dA' . (19) 

Finally the total coincidence counting rates are 
^exp(^» “ R[P(4*> t) + Pac^> t)]; 

R exp(°°» t) = R[P(», t) +P ac («>, t)], (20) 

where R is the rate of decay of atoms in the source. We have simplified 
the notation by writing 4) instead of (a, b) and (°°) instead (°°, °°). For 
single rates, similar arguments to those leading to (20) give 

R x = R/dAp(A)p(A, a); R[ = R/dAp(A)p(A, °°); 1 2; a b. (21) 

The model for accidental coincidences depends essentially on the 
choice of the function W(A/A'; t). In order to get a suitable expression 
for this function, we shall consider its long-time and short - time behavior. 
It seems obvious that polarization of a blue photon emitted at time t could 
not possibly be correlated with the polarization of a green photon emitted 
by another atom at time 0 if t is very large, so that W cannot depend on 
A for large t. Also, the integral of W over A* (which is the expected 
number of blue photons emitted between t and t + t w ) should be equal to 
Rt w . Therefore, we must assume 

W(A'/A; t) Rt w p(A ') if t 

p being the same density function used in (16) to (19). In contrast, there 
are no restrictions in principle for atoms decaying at the same, or almost, 
the same time. These emissions might be uncorrelated in polarization, so 
that again W « p(A'), or completely correlated, so that W a <5(A - A 1 ). For 
instance, quantum mechanics predicts complete polarization correlation be- 
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tween a photon produced by stimulated emission and the photon inducing that 
decay. (Note that if the green photon of atom 1 is correlated with the 
green photon of atom 2, it is also correlatd with the blue photon emitted 
by atom 2 subsequently.) Such correlations cannot be forbidden in a gen¬ 
eral LHV theory. Consequently, we choose the simple, but general enough, 
expression 

W(A'/A; t) = Rt w { [ 1 - a exp(-t/x)]p(A') + a exp(-t/x )<5 (A - A')}, 

0 < a < 1, (22) 

that fulfills the asymptotic condition stated above. This expression in¬ 
volves the same exponential appearing in (16) and (17), that corresponds 
to the decay law of the intermediate state in the atomic cascade. Equation 
(22) is not the most general expression that may be used. In particular, 
we might have written (3 instead of a in front of <5(A - A') with the con¬ 
dition (3 > 0. This choice, however, will make the model more complex with¬ 
out much profit. I obtain an enhancement-free model by choosing A to be 

uniformly distributed in the interval [0, 2 it] and the functions p to be 

p(A, a) = p(A, ° 0 )[ 1 / 2 + £ cos(2A - 2a) - y cos(6A - 6a)], 

P(A, b) = p(A, oo )[ 1 / 2 ± (3 cos(2A - 2b) + y cos(6A - 6b)]. (23) 

For the sake of simplicity, we assume also that p(A, °°) is independent of 
A. The positivity of p and the no-enhancement condition (9) put the follow¬ 
ing constraints on the values of (3 and y 

P </3/3; (2yW 3 - 2y > 2p/3 if 9/16 < p < /3/3. (24) 

Values of (3 smaller than 9/16 have no interest in practice. The model pa¬ 
rameters a, (3, and y should be fitted to the data of each experiment. 

From the model Eqs. (16) to (24) it is straightforward to derive Eqs. 
(12) and (13) with the parameters given by 

A = B/4; B = R 2 t w (°°) 2 ; R 0 = Rp(«0 2 ; R, = R 2 = % Rp(“); 

Ri = Ri = Rp(°°); (25) 

Note that the model predicts correctly the empirical dependence of the dif¬ 
ferent parameters on the cascade rate, R, and also the empirical time de¬ 
pendence in Eqs . (12) and (13). The model does not predict Eq. (13) ex¬ 
actly, but the approximate expression 

R((|>) = (R 0 /4){1 + 2(1 + aRt w )[|3 2 cos 2<\> ± y 2 cos 6$]} . (26) 

The Freedman parameter (14) is easily calculated from (26) to be 

6 model = (/2/2)(|3 2 - y 2 )(l + aRt w )-% (27) 

Taking (22), (24), and (26) into account, it is possible to choose values 
of a, (3, and y giving a positive Freedman parameter for experiments such 
that the product Rt w is higher than 0.12. This shows that experiments with 
a cascade rate above this limit are unreliable as tests of enhancement-free 
objective local models. In contrast with the irrelevance of the parameter 
6 (16), any violation of 6' < 0 (6' defined by (15)) refutes our model. In 
fact, from (15) and (27) it follows 

6' model = (/2/2)(^ 2 - y 2 )(l + aRt w )(l + Rt w ) _1 - % < 

(/2/2)(p 2 - y 2 ) - < -0.027, 
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where the first inequality follows from the condition a < 1 (see (22) and 
the second one from (24). This proves our thesis, namely, that Bell's in¬ 
equalities must be tested with the raw empirical rates (Eq. (15)) and not 
with the rates corrected by a background subtraction (Eq. (14)). 

As said above, the recent experiment by Aspect and Grangier [11] shows 
a very significant violation of a (homogeneous) Bell inequality, so that 
enhancement-free LHV theories can be considered as refuted. 


7. THE SEARCH FOR QUANTUM VIOLATIONS 

The history of physics shows that every theory is sooner or later 
superseded by another theory which is correct in a wider domain. Then, we 
should expect that quantum theory has a limited validity and some future 
experiment will violate it. This is not, however, the common belief. In 
fact, quantum theory is not presently considered just a theory, but a gen¬ 
eral framework for physical theories which has replaced the classical frame 
work. Then, a large fraction of the scientific community sees the future 
progress of physics in the replacement of one particular quantum theory 
by another one. This kind of progress took place, for instance, in going 
from quantum electrodynamics to electroweak theory. There is another frac¬ 
tion of the scientific community which finds serious conceptual problems 
in the usual quantum theory, and is searching for either a new formalism 
or a new interpretation of the present formalism (most times in terms of 
LHV theories). In consequence, when Bell proved [2] the incompatibility 
between LHV theories and the quantum formalism, some people said, even be¬ 
fore any experiment, "LHV theories are dead" whilst others said "quantum 
theory is dead." For the latter it was just a question of time to find 
an empirical violation of quantum theory. 

There was a surprise to realize that no experiment performed before 
Bell's work was able to discriminate between quantum and LHV theories. Al¬ 
most a decade elapsed until the first experiment considered reliable was 
made (by Freedman and Clauser [7] in 1972). An important loophoole, due 
to the possibility of communication between detectors in static experi¬ 
ments, was blocked a decade later (Aspect et al. [11] in 1982). It is re¬ 
markable that another loophole due to the low efficiency of optical photon 
detectors, although well known after the paper by Clauser and Horne [9], 
was not taken so seriously as it should. Now, after, a critical analysis 
of the performed experiments, the state of the art can be summarized by 
the following three conclusions: 

1) No experiment yet performed has shown a violation of LHV theories. 

2) If LHV theories are to be maintained, a new physical phenomenon 
must be admitted: the enhanced detection probability of some light sig¬ 
nals that have crossed a polarizer. 

3) The domain of phenomena where a real conflict exists between quan¬ 
tum and LHV theories is narrower than previously assumed. 

My personal conjecture is that the said domain may not exist [17]. 

If this is so, the hope for a violation of quantum theory decreases very 
much. Indeed, in that case it is not necessary to change the quantum for¬ 
malism in order to be able to interpret it for every real (as opposed to 
ideal) experiment in terms of LHV models. A part of my conjecture is that 
the Heisenberg uncertainty relations may play some role in avoiding the 
conflict between LHV and quantum theories. I am not in a position to 
prove this conjecture, but it is easy to see that the Heisenberg rela¬ 
tions give rise to some constraints on the observability of violations of 
the Bell inequalities. 
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For instance, in molecular experiments, a molecule is divided in two 
atoms with mass M each. Assume that the measuring apparata are situated 
at a distance 2R, and the source midway between them. Initially, the mole¬ 
cule has uncertainties in position and velocity constrained by the Heisen¬ 
berg relation 

AxAv < 4Mft. (29) 

In consequence each atom arrives at the corresponding detector with a time 
uncertainty 

At z Ax/v + (R/v 2 )Av > Ax/v + RTi/(4Mv 2 Ax) > (Rti/Mv 3 ) 1 / 2 , (30) 

where the second inequality comes from (29) and the last one is a straight¬ 
forward mathematical relation. Now, the test of locality (relativistic 
causality) is only possible if 

At « 2R/c, c = speed of light, (31) 

which gives 

R » c 2 Afi(4Mv 3 ). (32) 

The distance so found is not very large (although macroscopic) for typical 
molecular experiments, so the constraint is not important. The result, 
however, is enough to show that the Heisenberg relations play some role 
in making more difficult the conflict between LHV and quantum theories. 

The Bell theorem does not give, for the moment, a clue for finding 
violations of quantum theory. However, the critical analysis of the per¬ 
formed experiments suggest several possible new experiments where it is 
more likely to find such violations. In the domain of optics, where most 
experience has accumulated as a result of the recent experiments, I think 
that it is convenient to search in two areas: 

1) Photon anticorrelation effect in a beam splitter. 

2) Two photon polarization correlation in atomic cascade experiments. 

The photon anticorrelation in a beam splitter is discussed in the talk 
by T. W. Marshall. Therefore, I will consider only the possible quantum 
violations in the coincidence counting rate, R(<j)), for atomic cascade ex¬ 
periments with two polarizers at a relative angle (f). As discussed in Sec¬ 
tion 3, there are LHV models with enhancement which fully agree for R((f>) 
with the quantum predictions [9, 25]. These models, however, have the in¬ 
convenient feature that the probabilities p(A, a) and p(A, b) (see (4)) 
are very different functions of their arguments. The need for such asym¬ 
metry was proved by Caser [24]. Symmetric LHV models cannot agree com¬ 
pletely with the quantum prediction Eq. (13) but predict the existence of 
terms of the form cos 2n(f) (n > 1) in the coincidence rate R((f>) [13]. 
Marshall [26] has investigated the statistics necessary for the discovery 
of these terms and it is quite larger than that available till now. There 
is, however, the hope of getting a theorem that gives a bound for some 
relevant quantity measurable with lower statistics. Such a theorem would 
provide a test between symmetrical LHV theories and quantum theory, which 
will be more useful than Bell's theorem, useless in the domain of atomic 
cascade experiments as said in Section 4. My feeling is that this is one 
of the most likely places to find quantum violations. 

The test of symmetric LHV theories against quantum theory is easier 
using calcite polarizers. It is quite remarkable that only one [27] atomic 
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cascade experiment has been made using calcite polarizers and this experi¬ 
ment is the only one showing a violation of the quantum prediction. In 
spite of this fact, none of the subsequent experiments have used this type 
of polarizer. The relevant property of calcite polarizers is the very 
small transmittance, e m , for photons with polarization perpendicular to the 
polarizer's axis (e m < 10" 4 ). The polarizers used in all other experiments 
have e m of order of a few percent (which for the transmitted amplitude cor¬ 
responds to 10-20%). In this sense, calcite polarizers are close to the 
ideal ones. (They have a relatively low transmission e m r 0.9, for photons 
with parallel polarization, but this departure from ideal behavior is not 
relevant for our purposes.) 

In experiments with calcite polarizers, the constraints posed by sym¬ 
metric LHV theories are rather stringent. This can be seen if we compare 
the quantum prediction (with the ideal value e m = 0) 

[R(<t>)/R 0 ]q = %■ (i + e° s 2 <|>), (33) 

with the prediction of symmetric LHV theories 

Tt/2 

[R(4))/R 0 ]lhv = / de p(8) p( 0 + 4>), P > 0* (34) 

-it/2 

This is not the most general expression because it involves a single hid¬ 
den variable 0, but it is general enough to show the trend. Even for this 
simplified form, it is a difficult mathematical problem to find the func¬ 
tion p(0) giving for (34) the closest fit to (33) (and it is ambiguous to 
define "closest"). An estimate of the distance between (33) and (34) can 
be obtained searching for the p(0) that gives agreement for the values 
4> = 0, 4> = tt/ 4, and 4> = tt/2. It is remarkable that there is a unique so¬ 
lution 

p(0) = if 101 < tt/4, 0 otherwise, (35) 

which gives 

R($)/R 0 = 7 2 (1 - 2cf>/ir), 0 < cf> < tt/2. (36) 

This is quite different from (33), as it can be seen by calculating the 
value 


F LH v = |R(tt/8) - R(3tt/8) | /R 0 = 1 / 4 (37) 

to be compared with the quantum prediction 

Fq = | R(tt/8) - R(3ir/8)[/R 0 = V 4 e^/2. (38) 

Alternatively, we may choose to fit the value (38) plus the values for 
4) = 0 and 4> = tt/2. Again the problem has the unique solution 

p(0) = 2 cos 20 if 101 < tt/4, 0 otherwise, which gives (39) 

R(4))/R 0 = (e^/ tt) [ (tt/2 - 4)) cos 2_4> + 1 / 2 sin 24)]. (40) 

But now there is disagreement for 4> = tt/4: 

[R(tt/4)/R 0 ]q = e^/4, [R(itM)/R 0 ] lhv = e^/2. (41) 


Both with choice (35) and with the choice (39) we obtain perfect agree¬ 
ment for three parameters but a large deviation for the fourth one. 
This leads us to estimate that the best choice could give some deviation 
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for most values of <j), but these deviations should likely be of the order 
of 1/3 or 1/4 of the maximum one, found above. If this guess is correct, 
it is likely to have a relative deviation for the parameter F (see (37) 
and (38)) 


(Fq - F lhv )/Fq > 0.10 - 0.14. (42) 

This parameter is important because it is the one most frequently measured 
(see Section 6, Eq. (14) and comments below it). In the Holt and Pipkin 
experiment [27], the measured deviation was 

(Fq - F EXP )/Fq = 0.19 ± 0.05, (43) 

which is remarkably close to the estimate (42); note that both are positive. 


In all other atomic cascade experiments [7, 11, 12], the polarizers 
have a minimum transmittance ranging between 0.01 and 0.04. Then, symmetric 
LHV models are possible much closer to quantum mechanics. For instance, the 
pioneering model of this type [13], leads to 


[R(<j))/R 0 ]lhV " [R(4>)/Ro 1 q p cos 4<j) 

[R(<t>)/R 0 ]q 1 + a cos 2cj) 


(44) 


with typical values a ~ 0.84, p r 0.04, giving relative deviations of order 
0.02, i.e., much smaller than (42). These deviations cannot be measured 
with the statistics of the performed experiments and so it is not strange 
that a perfect agreement with quantum theory has been reported. 

This discussion suggests the following question: Is the quantum viola¬ 
tion observed 12 years ago by Holt and Pipkin a common feature of atomic 
cascade experiments with calcite polarizers? The importance of the answer 
shows the urgent need for new experiments of this kind. 
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Abstract 

A physical model of the photon is presented. It is a solution of 
Maxwell's equations confined within a finite region of space—time along the 
photon's axis of propagation. The rotating/oscillating electromagnetic field has 
the observed photon—eigenvalues of linear and intrinsic (spin) angular 
momentum. The model predicts two angular momentum eigenstates having 
either positive or negative helicity (left or right circular polarization). 

The finite region containing the field is defined by the relativistic 
principle that congruent events within it are causally connected (separated by 
timelike intervals). The region is a circular ellipsoid whose major axis and 
cross-sectional circumference are both one wavelength long. Excited states of 
the field containing two or more quanta of energy within the same ellipsoidal 
volume represent multiphotons. 

This physical model of the photon is consistent with experimental 
properties of electromagnetic radiation, including photon bunching and 
anti—bunching, multiphoton absorption, and the transmission of microwaves 
through apertures. A microwave experiment designed to measure the photon's 
diameter is reported; the measured value accords with the theoretical model's 
prediction within the experimental error of half a percent. 

The finite—field model of the photon is both a particle and a wave, and 
hence we refer to it by Eddington's name "wavicle". That the wavicle's 
position is essentially uncertain within the size of its finite domain leads to the 
idea that the minimum quantum of action arises because the particle cannot 
transfer its momentum in less time than it takes to traverse the length of its 
own domain. Its minimum action (equal to Planck's constant) is the product 
of its length and its momentum. 

Thus the dichotomy of the wave—particle duality of light is replaced by 
a unity, and the schism between the Copenhagen philosophy of fundamental 
indeterminacy and the contrary, determinist, view that indeterminacy is only an 
experimental limitation, is resolved in favour of the latter, because internally 
the wavicle is classical and causal, but its interactions necessarily involve 
non—causal, space—like intervals, and hence in interactions (i.e. measurements) 
the indeterminacy of established quantum mechanics prevails. 
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The Wave—Particle Duality and Physical Photons 

It is well established experimentally that light and matter exhibit both 
particle—like and wave—like properties. Quantitatively these two properties are 
related by the De Broglie relation: 

p X = h (1) 

p being momentum, X wavelength, and h Planck's constant. The optical 
properties of light (reflection, refraction, diffraction, dispersion, interference) are 
its wave—like properties. Blackbody radiation, line—spectra, the photo-electric 
effect, and Compton scattering, are its particle—like properties. 

The conceptual distinction between waves and particles is that a wave 
extends indefinitely in space, whereas a particle is a localised, point—like object. 
The term "duality” or "dualism" expresses the view that matter and light 
exhibit two irreconcilable properties, in some experiments behaving as an 
extended wave, and in others as a collection of point—like particles. This 
dichotomy is the prevalent viewpoint of most theoretical physicists: that the 
wave—particle duality is a dilemma that we must simply accept as one of the 
quirks of nature that defies a deeper understanding. 

In the current mainstream of Quantum Electrodynamics (Loudon, 1983; 
Craig and Thirunamachandran, 1984) the photon is regarded simply as an 
occupied mode of the electrodynamic field contributing an energy hi/ to the 
total field—energy; the concept of the photon as a physical entity is implicitly 
disregarded. We believe that this conventional view of the photon as simply a 
quantum of energy, is incomplete. Such a view of the hydrogen atom is 

known to be incomplete; one needs the wavefunctions in order to predict all 
the properties of the hydrogen atom. By analogy we believe that a complete 
description of the photon requires photon—wavefunctions as well as energy 

eigenvalues. 

Since the inception of quantum mechanics in the first part of this 
century, the concept of the photon as a physical entity has been held by 

several distinguished scientists, including the founding fathers of the 
wave—particle duality, Albert Einstein and Louis de Broglie. The following 
quotation from Einstein expresses the concept (Diner, Fargue, Lochak, and 
Selleri, 1984): 

".. the energy of a light ray spreading out from a point source 
is not continously distributed in space, but consists of a finite 
number of energy quanta which are localised at points in space, 
which move without dividing, and which can only be produced 

and absorbed as complete units". 

The term "photon" was coined by G. N. Lewis in a letter to Nature 
(1926). Like Einstein, he expressed the view that the photon is a physical 
entity — a localised packet of electromagnetic energy. He conjectured that 
when an isolated atom in an excited state spontaneously decays to its ground 
state, the light that is emitted must be a single photon having a well defined 
energy and frequency, and the process must take place within a time r that is 
shorter than the average lifetime of the excited state. Hence the length and 
radial breadth of the photon can be no larger than re. More recent studies of 
multi—photon processes (Chin and Lambropoulos, 1984) indicate that the time 
t is comparable with the period of oscillation of the emitted photon, and hence 
the spatial dimensions of the photon must be of the order of its wavelength X 
= rc. 
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The Dynamics of the Finite Photon 

Several models of the photon have been proposed dating back to the 
work of J. J. Thomson (1924,1925,1936; Bandyopadhyay and Raychaudhuri, 
1971; Honig, 1974; Nishiyama, 1977; Levitt, 1978). Thomson's and Honig's 
models are based upon the field radiated by an oscillating dipole. Like Lewis' 
concept of the spontaneously radiating atom, they predict that the photon is a 
localised packet of electromagnetic energy, its size being of the order of its 
wavelength. The Thomson and Honig models differ from each other and from 
our model derived below. Our model arose from a units analysis that 
predicted that the photon is one wavelength long (Wadlinger, 1983). 

Our approach was to model a freely propagating photon as an 
electromagnetic field moving at the speed of light, within a volume that is 
limited in extent both along, and perpendicular to its axis of propagation. 
Complete details of our mathematical analysis will be presented elsewhere. In 
summary, our solutions of Maxwell's equations (Fewkes and Yarwood, 1956) 
appropriate to a freely propagating photon are: 

E x = (ar + /S/r)x[AP {cp) + BQ(<p)]xS(u) = /z 0 c H y , E z = R, = 0 , 

E y = ix(cxr - 0/r)x[AP {<p) - BQ(^)]xS(u) = - fi Q c H x (2), 

where P(</?)=exp(i^), Q(<p)=exp(—i<p), S(u=z—ct)=exp(27riu/\), r is the radial 
distance from the axis of propagation (the z axis), (? the polar angle around 
the axis, c the velocity of light, fi 0 the permeability of free space, and a, jS, A 
and B are the arbitrary constants of the general solution. 

The components of the electromagnetic field (E x , H x , etc) are field 
amplitudes that are operationally similar to Schrodinger wavefunctions (Green 
and Wolf, 1953), and hence it is legitimate to operate upon the field 
components with quantum mechanical operators. The factor S(u) is an 
eigenfunction of the operator for the z—component of linear momentum 
(P z =(h/2Tri)3/0z) with eigenvalue +h/X. This is the De Broglie momentum 
expected for a photon of wavelength X moving in the positive z direction. 

Similarly the factor P(^) is an eigenfunction of the angular momentum 
about the z axis (L z =(h/27ri)3/3^) with eigenvalue +h/27r, and Q(^?) is an 
eigenfunction of L z with eigenvalue —h/27T. This angular momentum is 
intrinsic to the rotating field; i.e. it is spin angular momentum. These 
eigenvalues accord with the experimental observation that photons have a spin 
of one unit of h/2n (Swartz, 1965). 

The function P(y?) has positive helicity and Q (cp) negative helicity (Craig 
and Thirunamachandran, 1984). In optics these two states correspond 
respectively to left and right circularly polarized light. A single photon will 
have a definite helicity, either positive (B=0) or negative (A=0). Thus 
circularly polarized light consists entirely of photons with the same helicity. 
Linearly polarized light corresponds to A=B or A=—B, and elliptically polarized 
light to At^B, A^O and B^O. 


The Domain of the Wavicle 

One of our basic precepts about a wavicle is that it is a causally related 
entity; i.e. the interval between events within the wavicle must be timelike 
(Lawden, 1962). The infinitesimal interval ds between a pair of contiguous 
events is expressed by: 


ds 


2 
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( 4 ). 


and in the cylindrical coordinates used in (2) by: 

ds 2 = c 2 dt 2 — dz 2 — dr 2 — r 2 d^ 2 

In view of the rotational motion of the field, the finite interval 
between a pair of non—contiguous events, As 2 , must be computed along the 
geodesics of the non—rectilinear motion. Congruent events have the same 
phase, the same amplitude, and are on cylinders where r is constant. The 
phase 6, of the wave (2) is given by: 

<5 = 27t(z— ct)/X ± <p (5), 

and for a constant phase, differentiation of (5) yields: 

c dt = T (X/27t) d <p (6). 

Substitution of (6) into (4) together with the constraint r=constant (dr=0) 
yields the following expression for a finite interval along a geodesic of the 
rotating field is: 


As 2 = [(X/2 tt) 2 — r 2 ] A <p 2 — Az 2 (7). 

For this interval to be timelike,^ As 2 ^ 0, and the domain of the wavicle is 
bounded by the null geodesics As 2 = 0. 

Considering a plane z = constant (Az 2 = 0), the radius r must satisfy 
the relation: 

r ^ X/2 t r (8), 

which implies that the wavicle's maximum transverse radius r max is: 

r max = (9). 

At this radius the causally related events unite into a single event because the 
proper time between them is zero. The tangential velocity of the rotating field 
at this radius, 2nur mdX = (27rc/X)r max , is equal to the velocity of light. 

The wave ^motion repeats itself when At = X/c, the period of the 
oscillation, and this period is equivalent to A <p = 2n. Thus the interval 
between identical, repeating, points of the wave is: 

As 2 = X 2 — (2rrr) 2 — Az 2 (10). 

For a null geodesic (As 2 =0) this pair of points coalesces into a single 
relativistic event, and hence the repeating unit of the wave is bounded by a 
null geodesic surface defined by: 

(27rr/X) 2 + (Az/X) 2 = 1 (11). 

For r = constant, this is the equation of a pair of points on an ellipse. If the 
origin (z=0) is chosen to be at the centre of the ellipse, then the locus of all 
such pairs of points is: 


(27rr/X) 2 + (2z/X) 2 = 1 (12). 

This is the equation of an ellipse with major axis (along the z—axis) of length 
X, and minor axis (in the x—y plane) of length X/tt. 

The domain of the wavicle's field is the ellipsoid obtained by 
revolving the ellipse of eqn.(12) about the z—axis. It is a prolate spheroid 
(cigar shape) 3.14 times as long as its diameter, its long axis being the axis of 
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propagation. Its length and circumference are both equal to X, the wavelength. 
The ellipsoidal surface is the locus of all null geodesics (As 2 =0) between pairs 
of equi—phase, equal amplitude points of the field (2). 

Waves in free space are normally considered to extend indefinitely; the 
theory of such waves is usually couched in terms of infinite wave trains. 
However, waves with discontinuous boundaries were shown to be mathematical 
tractable by Love (1903). He showed, in particular that ”... the velocity of 
advance of a wave—boundary, involving discontinuity of this type, is the same 
as that of a wave which does not involve discontinuity.". 

This finite domain of the wavicle's field is a quantitative realisation of 
Einstein's conjecture that events could be causally related "within a local region 
of space—time". 


Energy Eigenstates: Multiphotons 

Confinement of the field within the ellipsoid (12) implies that the field 
must be zero on the surface of the ellipsoid. The solution (2) of Maxwell's 
equations must be modified to conform with this boundary condition. This can 
be accomplished by transforming from the coordinates r and z to confocal 
elliptical coordinates (Stratton, et al, 1956). While the mathematics is 
somewhat tedious because it involves a pair of simultaneous eigenvalue 
problems (Hunter and Pritchard, 1967), its essential results are the allowed 
eigenvalues for the frequency c/X and angular momentum of the confined field. 
We have thus far not completed this mathematical imposition of the ellipsoidal 
boundary conditions. However, the eigenvalues of the energy are obtained as 
follows. 

The eigenvalue equation for the energy eigenvalues is the 
time—independent Klein—Gordon equation (Bethe, 1964). This covariant 
eigenvalue equation is derived from D'Alembert's classical, covariant wave 
equation by differentiating the wavefunction (2) with respect to time to 
eliminate the time, followed by use of the De Broglie relation (1), the 
Energy—inertia equivalence relation: 


E = me 2 (13), 

and the expression for the relativistic mass: 

m = m 0 /[l—(v/c) 2 )] 1 ' 2 (14) 

to eliminate the velocity v and the relativistic mass m (Hunter, 1986). It has 
the form: 

- (fi 2 /m 0 ) V 2 f = [E 2 / (m 0 c 2 ) - m 0 c 2 ] f (15). 

Since the rest—mass, m 0 of the photon is zero, equation (15) simplifies to: 

- (U7m) V 2 f = [E 2 /(mc 2 )]^ = Ef (16). 

This covariant eigenvalue equation is for a free photon; i.e. there is no 
potential energy in the hamiltonian. 

The energy eigenstates of the photon—field are obtained by solving 
equation (16) for a "particle" (really a field) confined within the ellipsoidal box 
that is the photon s domain. The energy eigenvalues of a particle in a box are 
(McQuarrie, 1983): 


E n = g (nh/L) 2 /m 
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where n is the quantum number taking any positive integral value, L is the 
linear size of the box, m is the particle's mass, and g is a geometrical factor 
determined by the shape of the box. 

Elimination of the relativistic mass m between (13) and (17) for a box 
of length L=X (the wavelength) produces, on taking the positive square root: 

E n = gnhc/A = gnhi/ (18). 

From the Einstein relation: 

E = hi/ (19) 

we deduce that the geometrical factor g=l, and equation (18) thus indicates 
that the photon energy may be any integral multiple of the quantum hi/: 

E q = nhi/ (20). 

This is a generalisation of the Einstein relation (19). The energy E*=hi/ 
is the ground state (a single—photon), and for n>l the excited states of the 
electromagnetic field correspond to what are experimentally known as 
multiphotons. A multiphoton has the same frequency as the ground state, but 
it has n times as much angular momentum and energy. 

We believe that Multiphotons are commonly produced by the process of 
stimulated emission. An ellipsoidal photon of energy nhi/ interacts with an 
atom in an excited state with energy hi/ above a lower stationary state. The 
photon emerges from the interaction with (n+l)hi/ of energy (in the same 
ellipsoidal volume) leaving the atom in the lower state. Multiphotons will also 
be produced whenever a large number of single photons are packed together; 
e.g. in a light beam focussed to produce a high intensity. Experimentally this 
is achieved in focussed laser beams (see below). 

Like most excited states multiphotons will spontaneously decay to the 
ground state, in this case producing n spatially separated, but coherent single 
photons. Such a flock of photons is observed experimentally in the 
phenomenon of “photon bunching” (Loudon, 1982). “Photon anti—bunching" is 
simply a way of describing the fact that the energy of a light beam is localised 
(in the ellipsoidal volumes of our model) rather than being evenly distributed 
throughout the volume of the beam. 

The mathematical representation of multiphoton decay and formation is 
something that we would like to work out. It is probably related to the 
theory of photon—photon interference; when 2 ellipsoidal photons interact, what 
determines whether they produce a multiphoton or interfere destructively? In 
particular we expect to provide an explanation for the phenomenon of specular 
interference commonly observed in laser beams. The ellipsoidal photon model 
seems to imply that interference phenomena arise from interactions between 
members of a flock of coherent photons; i.e. it is a photon—photon phenomenon 
rather than a single—photon phenomenon as asserted by Dirac (1967). 


Multiphoton Phenomena 

Multiphoton absorption by atoms is considered to take place within “one 
optical period"; i.e. within r = \jv (Mainfray and Manus, in Chin and 
Lambropoulos, 1984, pp.9—10). This is the transit time of the photon wavicle. 
Mainfray and Manus express the need for having a large number of photons 
concentrated within 10” lS sec (i.e. one optical period). This need is satisfied 
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by our multiphoton model, in which the N photons are congruent in space and 
time within the same ellipsoidal volume as that of the single photon. 

Multiphoton absorption of visible light is observed to take place at 

intensities above about a megawatt/cm 2 (Panarella, 1974; Held, Mainfray, 
Manus, and Morellec, 1971). Since the photon wavicle has a cross-sectional 
area of X 2 /47 t, and an intrinsic power of h vjr = hi/ 2 , its intrinsic intensity, I P 
(power/area) is 4 77 he 2 /A 4 , which is one megawatt/cm 2 for A=523 nanometers. 
At higher intensities than this (disregarding a geometrical packing factor) single 
(lhi/) photons necessarily overlap to form multiphotons. 

For randomly distributed photons the probability of finding a 

multiphoton with energy Nhi/ is proportional to the ratio of the beam intensity 
Ip to the photon intrinsic intensity I p raised to the N 1 * 1 power. When I B <I P 
this factor (I B /I P ) N is much smaller than unity, and when I B >I P it is much 
larger than unity. This explains both the threshold at about I B = I p , and the 
observed N 1 * 1 power dependence of the ionization rate upon the intensity of the 
focussed beam (Chin and Lambropoulos, 1984: p.17 Mainfray and Manus, p.51 
Grontier and Trahin, p.68 Crance). 

This finite photon overlapping explanation of the N th power law of 

multiphoton absorption is simple compared with the complexity of N 1 * 1 order 
perturbation theory; the latter is regarded, even by its proponents, as 
conceptually unsatisfactory (Chin and Lambropoulos, 1984). Our model of 

multiphoton processes differs from the "effective—photon” model (Panarella, 
1977), and from the "quantum potential" theory (Dewdney, Garuccio, 
Kyprianidis and Vigier 1984). Further analytical work, and possibly 

experiments, is required to determine which of the four theories best fits the 
experimental data. 


Microwave Generation and Transmission 

The axial mode of a helical microwave antenna has a wavelength equal 
to the circumference of the cylindrical helix, with maximum radiation along the 
axis of the helix in a well-defined, circularly polarized beam (Kraus, 1950). 
The axis of propagation and circumference of this antenna correspond precisely 
with the axis and circumference of the finite photon model. The radiation 
produced by this antenna consists of wavicles all propagating along the axis of 
the antenna, and having the same helicity as that of the antenna. In view of 
the low intrinsic intensity of the microwave wavicle the radiation will consist of 
multiphoton w r avicles containing many quanta (nhi/, n>>l). 

The transmission of microwaves through a circular aperture is predicted 
to be strongly attenuated at diameters smaller than A /77 (Andrews, 1960). 
This is the cross-sectional diameter of the finite photon model. The prediction 
is based upon the classical electromagnetic theory of a continuous wave. The 
attenuation is consistent with the simple mechanical notion that the photon 
cannot pass through an aperture that is smaller than its own diameter of A/ 77 . 
The photon wavicle is not, of course a rigid body, and its induced currents in 
the screen may cause some radiation to appear on the far side of the screen, 
and in fact the classically derived curve of Andrejewski (King and Wu, 1959) 
predicts a small finite transmission coefficient at aperture diameters smaller 
than A/ 77 . The available experimental evidence is confined to localised field 
intensity measurements, and while it is broadly in agreement with classical 
electromagnetic theory and with our photon model, it is inconclusive as 
evidence for/against the finite photon model. This led us to undertake 
experiments designed to resolve the issue. 
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Slit Width/millimetre 


FIGURE 1. Experiment by Fritz Engler, March 29, 1986: X—band 
microwaves (wavelength = 28.5 mm), rectangular slit (constant 
length) in thin (0.5mm) aluminum plates. The measured power 
was corrected by subtraction of the 1st Harmonic content of the 
beam computed by the formula H = 2.5x(SW—4.54)/(8.1—4.54) 
based upon the signal at a slit width of 8.1 mm. The 
least—squares straight line (solid line in the graph) through the 5 
experimental points (shown by + , SW = 10.3—16.8) yields an 
intercept on the slit—width axis of 9.07 ± 0.04 mm (0.5% error). 
The theoretically expected result is 28.5/7T = 9.07 mm. 


Measurement of the Photon's Diameter 

We have investigated the phenomenon of microwave transmission through 
apertures in a series of experiments designed to measure the transmitted power 
as a function of aperture size; we used both circular apertures (size=diameter) 
and rectangular apertures (size=width). A linear plot of transmitted intensity 
vs aperture area has an intercept on the aperture axis close to the 
photon—wavicle's intrinsic diameter of X/rr; the transmitted power is 
proportional to the difference between the aperture and wavicle areas. 

Complete details of these experiments will be reported elsewhere; there 
were naturally several experimental factors that had to be taken into account 
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in order to obtain an accurate measurement. Our latest result is summarised 
in Figure 1. The measured cut-off diameter is equal to the value X/tt 
predicted by our ellipsoidal model within the experimental error of 0.5%. This 
is direct evidence for the validity of our model of the photon. 

Diffraction and Interference at Low Light Intensities 

Some experiments on the diffraction of light at low intensities have 
re—opened the question of whether interference is a single—photon, or a 
photon—photon, phenomenon (Dontsov and Baz, 1967; Panarella, 1985). The 
latter explanation accords with our model of the photon as an indivisible, 
physical entity. In our photon model interference typically occurs between the 
coherent photons of a photon—bunch. 

Light sources often exhibit the property of photon bunching (Loudon, 
1983). Stimulated emission adds one quantum of energy (hi/) to the incident 
photon; e.g. an incident single (lhi/) photon stimulates the atom to give it an 
additional hi/ of energy, emerging as a double photon having 2hi/ of energy. 
This subsequently decays into 2 spatially proximate, coherent photons. 
Repetition of this process thus produces bunches of coherent photons. For this 
physical concept of photon bunching the term !, flock” is very appropriate, for 
the photons of the bunch are travelling together just like a flock of migrating 
geese. Stimulated emission producing photon bunches is believed to be of 
common occurence; it is of course dominant in lasers, but is also believed to be 
important in thermal light sources. 

In our photon model interference effects are typically produced by photon 
bunches. In a diffractometer the members of a bunch will be deflected at 
different angles depending upon the impact parameter of each photon with the 
edge of the slit; photons that miss the slit walls are transmitted undeflected. 
This model of diffraction explains why fringe intensity is a maximum for slits 
of about a wavelength wide (the intrinsic width of a photon wavicle being 

X/tt). Interference is produced when a pair of coherent photons have different 

path lengths to the plane of observation thereby interfering constructively or 
destructively. 

As the incident light intensity decreases the number of photons in 
bunches may be expected to decrease. However, it should not be assumed that 
a reduction in intensity necessarily reduces the extent of photon bunching; the 
actual physical mechanism used to absorb or deflect some of the photons may, 
or may not, reduce the proportion of photons in bunches. 

In a beam of statistically independent photons diffraction still takes 

place; it results from a single photon's interaction with the walls of the 
diffracting aperture. However the interference fringes should disappear in a low 
intensity beam of statistically independent photons. This effect has been 

observed in a series of experiments by Panarella (1985), and in an earlier 
experiment by Dontsov and Baz (1967). However similar, recent experiments 
by Jeffers (1986) do not show the effect; the relative intensity of the side lobes 
of the diffraction pattern is independent of the beam intensity. In a 1978 
review of 5 non—photographic detection experiments (Pipkin, 1978), the only 
one showing a decrease in fringe intensity with decreasing incident beam 
intensity was the Dontsov and Baz experiment (1967). 

It is now known that the original low—intensity interference experiments 
of G. I. Taylor (1909) did not display single—photon interference because 
photographic detectors (as used by Taylor and in three subsequent experiments 
reviewed by Pipkin, 1978) are now known to be essentially photon—coincidence 
detectors; i.e. a silver halide grain must absorb at least 4 coincident (i.e. within 
one optical period) photons to become developable (Panarella and Phipps, 
1982). 
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Despite the low incident intensity used by Taylor his interference 

patterns must have been produced by photon bunches of at least 4 photons. It 

was these early experiments whose results were presumed to display single 
photon interference, that apparently led Dirac into making his well known 

pronouncement (Dirac, 1967) that interference is a single—photon phenomenon. 
In the light of modern photographic knowledge the correct inference from 
Taylor's (and the other photographic) experiments is that photon—bunching is 
commonplace, even in low intensity beams originating from non—coherent 
sources such as gas discharge lamps. 

Hence the key to resolving the experimental issue is to produce a light 
source of statistically independent photons; i.e. one with hardly any bunched 
photons. One way of detecting statistical independence would be to use 
photographic, and non—photograhic detectors alternately in the same 

experiment. If the diffraction pattern is not observed with the photographic 
detector, but is observed with the photo—multiplier, or other non—photographic 
detector, then the inference would be that the observed pattern was produced 
by a beam with fewer than 4 photons in any bunches in it. On the other 
hand if the diffraction pattern is also not observed with the non—photographic 
detector, then the inference would be that the interference is a photon—photon 
phenomenon. 

A recent photon—counting experiment (Grangier, Roget, and Aspect, 
1986) was designed to unequivocally determine whether diffractive interference 
is a single—photon, or a photon—photon phenomenon. The experimental results 
support the single—photon hypothesis. The conventional rationalisation of 
single—photon interference is the dichotomy of the wave—particle duality; the 
single photon's wave traverses both paths of the interferometer simultaneously, 
interfering with itself and then manifesting its particle—like character at the 
detector. Explanations for single—photon interference based upon passage of 
each photon along only one of the two paths are under consideration by 
Buonomano (1986) and Surdin (1986). 

Experiments with two independent light sources have shown that a 
photon from one source can interfere with a photon from the other source 
(Pfleegor and Mandel, 1967; Paul, 1986). Thus photon—photon interference 
does occur contrary to Dirac's pronouncement (Dirac, 1967). The Grangier 
(1986) experiment indicates that a single photon can also interfere with itself. 
However, the interpretation of this experiment is currently the subject of 
controversy (the Discussion in these Proceedings), and hence the question of 
whether a photon can interfere with itself as well as with other photons 
remains unresolved. 


Photon Wavicles and the Minimum Quantum of Action 

The wavicle's energy is hi/ = pc and its transit time = l/i/, or 
alternatively its momentum is p = hi//c = h/X and its length is X. Hence its 
action = energy x time = momentum x length = h, Planck's constant. Thus 
the wavicle model of the photon is consistent with the idea that upon 
absorption, emission, or scattering, the action involved in the process is at least 
h; the action involved has a minimum because of the photon's finite transit 
time (or finite length). 

A fascinating aspect of the wavicle model is that its linear motion is 
intimately related to its rotational motion. In terms of its rotational motion 
the minimum action h is the angular momentum per complete cycle; i.e. for a 
mass m = hv/c 2 rotating with angular velocity w = 2m/ at a radius r = r max 
= X/27T = c/w the angular momentum is mr~cj = h/2rr per radian, and hence 
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the angular momentum per cycle is h. This relationship between linear and 
rotational motion may eventually lead to an explanation for the universal 
equivalence of inertial and gravitational masses (Jammer, 1961), for rectilinear 
motion is related to inertial mass, and accelerated, rotational motion is 
equivalent to a gravitational field. 

The finite wavicle model of the photon supercedes the wave-particle 
duality theory of light. The wavicle is neither an indefinitely extended wave 
nor a point—like particle; it is a wave with a well-defined finite extent. Its 
oscillating/rotating electromagnetic field is consistent with its wave—like 
properties (particularly interference) and its finite extent explains its 
particle—like properties (especially line—spectra and the photo-electric effect). 
The photon—wavicle is, as Einstein anticipated (Diner et al, 1984), a localised, 
indivisible physical entity that moves without dividing and is only produced or 
absorbed as a complete unit. It is the atom of light. The wavicle model 
unifies the wave and particle properties of light in a single physical entity. 
Thus the dichotomy of light exhibiting both wave—like and particle-like 
properties (the wave—particle duality paradox) is resolved in the unity of the 
finite wavicle. 

The wavicle model of the photon also provides a resolution of the 
philosophical dispute between proponents of the Copenhagen interpretation of 
quantum mechanics (Bohr, Heisenberg, Dirac, etc) and the persistent 
determinists (Einstein, De Broglie, Schrodinger, etc) (Hendry, 1984). The 
former believed that the uncertainty principle was intrinsic to nature, while the 
latter believed that nature was deterministic despite the experimental limitation 
of the uncertainty principle. 

Internally the photon—wavicle is a classical electromagnetic field whose 
domain is defined by the relativistic requirement for causality. However, the 

finite size of the photon limits the accuracy of measurements, for it is an 

indivisible entity, and for a momentum p=h/X its position can only be 
determined to within the length of its ellipsoidal domain = X. Henc.e in 

interactions (measurements) the product of momentum and positional 
uncertainty is at least the minimum action h in accordance with the Heisenberg 
uncertainty principle. The wavicle's internal coordinates may be regarded as 
hidden variables (Belinfante, 1973). 

The wavicle model suggests an intimate relationship between quantum 

mechanics and the theory of relativity, for the length of the wavicle is the 
distance that it travels (moving at the velocity of light) in one period of its 
oscillation, and this finite length leads to the uncertainty principle as explained 
above. This suggests that the finite value of Planck's constant h is related to 
the finite value of the velocity of light. David Bohm has alluded to this idea; 
that the limitation imposed upon causality by the finite velocity of light is 
related to the uncertainty principle (Bohm, 1965). If this conjecture is correct, 
it should lead to a quantitative relationship between h and c. 

Einstein regarded the relation E=h v as an enigma. This enigma is 
partially revealed by the wavicle model of the photon, for there is a simple 
explanation for the fact that all photons carry the same action h, and that all 
physical processes (in which photons are absorbed or emitted) involve integral 
multiples of this quantum of action; the action of a photon—wavicle is a 
Lorentz—invariant property. Energy and frequency transform in the same way 
under a Lorentz transformation (Einstein, 1905), and hence the ratio of energy 
to frequency (i.e. action) is invariant under a Lorentz transformation. In this 
sense all photons, from gamma rays to radio waves, are essentially the same 
particle, just as all electrons are regarded as identical even though they may 
have different energies (and hence different De Broglie wavelengths) in different 
experiments. 
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A corollary of the Lorentz invariance of action, is that Planck's constant 
h must have a finite value, for if h were zero then the amplitude of the 
photon—wavicle's electromagnetic field would have to be zero in order to make 
its action zero, for its action is the product of its momentum and its length, 
and its length is finite. Its finite length is deduced from Maxwell's equations 
and the relativistic requirement for causality, regardless of the field's amplitude. 
Hence if the quantum of action h, were zero, light would not exist. The 
photon would be a null particle; i.e. its field amplitude would be zero. While 
this explains why the de facto existence of light implies that Planck's constant 
is not zero, it does not account for the specific, observed value of h. 

It should be noted that our quantisation of the photon's energy and 
momenta (linear and angular) was achieved by introducing the De Broglie 
relationship (1) between momentum p and wavelength X into the classical 
electromagnetic field defined by (2). Thus our wavicle model is based upon 
the quantum axiom (1) in addition to the principles of classical, relativistic 
electromagnetism. 

Our finite—field model of the photon has a similarity to the three—wave 
model of elementary particles proposed by Kostro (1985), and the soliton model 
proposed by MacKinnon (1981). 

In a subsequent publication we will present the general theory of 
electromagnetic wavicles that have a spin angular momentum of any integral, 
or half—integral multiple of h/277; the spin=l/2 wavicles, in particular, are 
thought to be neutrinos. We also hope to derive a similar model of non—zero 
rest—mass particles such as the electron. The present work should be extended 
with detailed consideration of, and computations on multiphoton decay, 
photon—photon interference, and absorption and emission in interactions with 
matter. 

Acknowledgments 

We are grateful to Professor Ian Walker of York University for financial 
support. Fritz Engler's skillful experimental work will be presented in detail in 
a subsequent publication. 


References 

Andrews, C. L., Optics of the Electromagnetic Spectrum , p.328 

(Prentice—Hall, Englewood Cliffs, N.J., 1960). 

Bandyopadhyay, P. and P. Raychaudhuri, Phys. Rev. 3, 1378 (1971). 
Belinfante, F. J., A Survey of Hidden Variable Theories 
(Pergamon Press, Oxford, 1973). 

Bethe, H. A., Intermediate Quantum Mechanics , 

(Benjamin, New York, 1964). 

Bohm, D., The Special Theory of Relatiinty , Ch.28 and pp.177-178 
(Benjamin, New York, 1965). 

Buonomano, V., 1986 (These Proceedings). 

Chin, S. L. and P. Lambropoulos (Editors) Multiphoton Ionisation 
of Atoms (Academic Press, New York, 1984). 

Coulson, C. A., Waves , 7th Ed., p.103 (Oliver &: Boyd, London, 1955). 
Craig, D. P. and T. Thirunamachandran, Molecular Quantum 
Electrodynamics, p.25 (Academic Press, London, 1984). 

Dewdney, C., A. Garuccio, A. Kyprianidis and J. P. Vigier, 

Phys. Lett. 105A, 15 (1984). 

Diner, S., D. Fargue, G. Lochak and F.Seileri (Editors), The Wave- 

Particle Dualism (D. Reidel Company, Dordrecht, Holland, 1984). 


342 



Dirac, P. A. M., The Principles of Quantum Mechanics , 4th Ed. p.9 
(Oxford University Press, 1967). 

Dontsov, P., and A. I. Baz, Sov. Phys JETP, 25, 1 (1967). 

Einstein, A., Ann. Phys. 17, 1905; reprinted in English translation 

in The Principle of Relativity , pp.56—58 (Dover Publications, 1952). 

Fewkes, J. H. and J. Yarwood, Electricity and Magnetism , pp.509—513 
(University Tutorial Press, London, 1956). 

Grangier, P., G. Roget and A. Aspect, Europhysics Letters. Feb. 1986. 

Green, H. S., and E. Wolf, Proc. Phys. Soc. 66, 1129 (1953). 

Held, B., G. Mainfray, C. Manus, and J. Moreilec, Phvs. Lett. 

35A, 257 (1971). 

Hendry, J., The Creation of Quantum Mechanics and the Bohr—Pauli 
Dialogue (Reidel Pub. Co., Dordrecht, Holland, 1984). 

Honig, W., Found. Phys. 4, 367 (1974). 

Hunter, G., and H. O. Pritchard, J. Chem. Phys, 46, 2146 (1967). 

Hunter, G., 1986, The Covariant Wave Equation (to be published). 

Jammer, M., Concepts of Mass , Harvard University Press, 

Cambridge, Massachusetts, U.S.A. (1961). 

Jeffers, S., (These Proceedings). 

King, R. W. P., and T. T. Wu, The Scattering and Diffraction of Waves , 

Harvard University Press, Cambridge, Massachusetts, U. S. A. (1959). 

Knight, D. L., and L. Alien, Concepts of Quantum Optics , p.174 
(Permagon Press. Oxford. 1982). 

Kostro, L., Physics Letters, 1Q7A, 429 (1985). 

Kraus, J. D., Antennas , p.178 (McGraw-Hill, New York, 1950). 

Lawden, D. F., An Introduction to Tensor Calculus and Relativity , 
pp.17—20 (Methuen, London, 1962). 

Levitt, S., Lett. Nuovo Cimento 21, Ser. 2, 222 (1978). 

Lewis, G. N., Nature, 118, 874 (1926). 

Loudon, R., The Quantum Theory of Light , 2 nd Edition, pp.226—228 
(Clarendon Press, Oxford, 1983); 

Love, A. E. H., Proc. London Math. Soc., Ser.2, 1, 37 (1903). 

MacKinnon, L., Lett. Nuovo Cimento, 32, 311 (1981). 

McQuarrie, D. A., Quantum Chemistry , p.78 and p.83—87 

(University Science Books, Mill Valley, California, 1983). 

Nishiyama, Y., J. Phys. Soc. Japan 43, 228 (1977). 

Panareila, E., 1974, Found. Phys. 4, 227 (1974). 

Panarella, E., 1977, Phys Rev. A16, 677 (1977). 

Panareila, E., and T. E. Phipps Jr., Spec. Sci. Tech. 5, 509 (1982). 

Panarella, E., 1985, Spec. Sci. Tech. 8, 35 (1985). 

Paul, H., Rev. Mod. Phys, 58, 209 (1986). 

Pipkin, F. M., in Advances in Atomic and Molecular Physics 
(Edited by D. R. Bates), 14, 294 (1978). 

Pfleegor, R. L. and L. Mandel, Phys Rev., 159, 1084 (1967). 

Stratton, J. A., P. M. Morse, L. J. Chu, J. D. C. Little, and F. J. Corbato, 
Spheroidal Wavefunctions , M. I. T. Press (1956). 

Surdin, M., 1986 (These Proceedings). 

Swartz, C. E., The Fundamental Particles , p.94 

(Addison—Wesley, Reading, Massachusetts, 1965). 

Taylor, G. I., Proc. Camb. Phil. Soc. 15, 114 (1909). 

Thomson, J. J., Phil. Mag. Ser. 6, 48, 737 (1924). 

Thomson, J. J., Phil. Mag. Ser. 6, 50, 1181 (1925). 

Thomson, J. J., Nature 137, 232 (1936). 

Wadlinger, R. L. P., J. Chem. Educ. 60, 943 (1983). 


343 



THE THEORETICAL NATURE OF THE PHOTON IN A LATTICE VACUUM 


Harold Aspden 

Department of Electrical Engineering 
University of Southampton 
Southampton S09 5NH, England 


INTRODUCTION 

The empirical formulations of quantum theory do not afford an adequate 
insight into the physical processes which generate the photon. Experiment¬ 
ally confirmed photon correlations, unretarded by light speed propagation, 
are paradoxical from the viewpoint of relativity. Resolution of the result¬ 
ing dilemma can only come from a better understanding of the physical nature 
of the photon. Just as quantum theory is, in the main, confirmed by the 
successful deciphering of quantitative data provided by optical spectra, 
photon theory, to be viable and complete, should account for the quantit¬ 
ative relationship between h, c and e, which collectively define a, the 
dimensionless fine-structure constant. 

The photon theory to be described meets this requirement, but raises 
one open issue which has bearing upon experimental investigation and points 
towards another potential paradox. The theory gives reason for suspecting 
that, though h is invariant in the formula E = hv, the energy quantum shed 
by an atom in producing the photon radiation may have a very small amount of 
its energy deployed into priming the perturbation of the photon spin at the 
frequency v. The result should be that h, as measured from analysis of 
optical spectra, will appear to be larger by a few parts in ten million 
compared with the value exhibited, for example, in Josephson and quantized 
Hall resistance experiments. Precision measurements of the fine-structure 
constant by different techniques may eventually clarify this issue. 

PRIOR DEVELOPMENT OF THE THEORY 

The author has evolved the theory progressively over the past 30 years. 
It relies upon instantaneous charge interaction to assure a harmonious 
cyclic motion component shared by all charge. This is seen as the under¬ 
lying basis of Heisenberg*s Uncertainty Principle. Given action-at-a-dist- 
ance and assigning electric properties to the vacuum itself, the ordering 
of charge motion and lattice formation become vacuum features favoured on 
energy grounds. Retardation effects associated with energy transfer only 
occur when charge is in relative motion, a characteristic of the matter 
state but not of the undisturbed steady state condition of free space. Thus 
a sudden change in charge motion at A can be immediately sensed at B and 
energy exchanges at B between matter and the vacuum can occur before the 
retarded transfer processes restore the energy balance. 
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A theory built on these lines leads to a fine-structure constant of 
approximately 1/137 with a point charge approximation. A fairly precise 
value emerged once it was realized that a virtual muon pair has a special 
association with each lattice cell and asserts an equilibrium regulating 
the finite size of the lattice charges. The theory was put on firmer 
ground in 1972, thanks to independent computer analysis by Dr. D. M. Eagles 
and Dr. C. H. Burton of the CSIRO National Measurement Laboratory in 
Australia. Their calculations paved the way for determining the effect of 
a resonance involving the electron and the lattice charge so as to control 
the physical size of the lattice charge whilst as nearly as possible satis¬ 
fying a condition that the lattice charges were at positions of zero poten¬ 
tial. This collaboration resulted in calculation of a -1 as 137.0359148, 
a value within one part per million of that measured*. This compares very 
favourably with other theoretical proposals, as shown recently in a review 
by Petley 2 . However, the advance discussed in this article concerns the 
rather obvious step, which has somehow eluded the author until recently, of 
replacing the electron resonance with a muon resonance, a step which brings 
a into even closer accord with its measured value. 

The basic theory, which has been of record since I960 3 in its point 
charge approximation and since 1966^ in its virtual muon pair regulation 
form, has attracted little interest, no doubt because its action-at-a-dist- 
ance features are incompatible with relativistic doctrine. This departure 
from mainstream physical theory is reflected by the title T Physics without 
Einstein 1 of the 1969 update published by the author 3 . 

Now that Aspect et al 3 *' 7 * 3 have provided experimental confirmation that 
photon correlations do occur more rapidly than actions communicated at the 
speed of light, the proposition that there is some hidden coupling asserting 
action-at-a-distance is no longer hypothetical. Relativistic constraints 
assume less importance. 

The author T s photon theory has also a complementary feature giving it 
considerable support. This dates from 1974 9 and is the role which a lattice 
cell energy quantum (equal to that of two muons) can play in a minimal energy 
relationship involving the proton. This led in 1975, also in collaboration 
with Dr. D. M. Eagles, to theoretical evaluation of the proton-electron mass 
ratio 13 . The value obtained agrees with the latest experimental value to 
within one part in ten million. Van Dyck et al 11 , whose precision measure¬ 
ment has a standard deviation at the 41 part per billion level, note that 
the author 1 s theory gives a theoretical value that is 1 remarkably close ' and 
that 'this is even more curious when one notes that the result was published 
several years before direct precision measurements of this ratio had begun '. 
Also, several recent advances show that other fundamental constants are 
calculable with a typical accuracy of one part per million 12 . However, in 
this work attention is concentrated on the structure of the vacuum and the 
photon process. Recently, Sinha, Sudarshan and Vigier 13 have written about 
the superfluid vacuum and the need for it to contain superfluid states and 
convey real Einstein-de Broglie waves. This viewpoint is only partially 
supported, because here the author makes no attempt to qualify the analysis 
by relativistic considerations. The approach relies on there being an 
underlying physical reality, which owes nothing to the special role of the 
relativistic observer. 

ENERGY TRANSFER WITH ACTION-AT-A-DISTANCE 

It is necessary to put aside the relativistic proposition that magnetic 
fields are merely the effects of electric fields witnessed by an observer 
moving relatively to the source charges. Instead, attention must focus upon 
energy transfer. Also, the photon should not be seen as an energy quantum 
that somehow moves from A to B, but rather as an event that occurs at A as 
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energy is released by matter at A, followed by an event at B where energy 
sourced in the vacuum itself transfers to matter. A wave set up at A and 

radiating from A can trigger the event at B. This process requires the 

vacuum to have specific properties and contain energy. It has a universal 
uniformity and is invisible so long as it is not disturbed. Our analysis 
concerns its structure and its primary disturbance condition in which a 
small unit of its lattice acquires a state of spin to set up the wave 
disturbance or resonate in response to existing waves, with energy quanta 
being exchanged in the process. In restoring its equilibrium state the 
vacuum transfers the surplus energy at A to compensate for the deficit at 

B. Thus there is an apparent transfer of energy quanta at the wave speed, 

but in reality the energy transfer involves a displacement of what we can 
regard as a sea of energy permeating all space. This action is best consid¬ 
ered as involving electric particles, the statistical presence of which 
represents the wave and the energy. 

Electric charge sets up an action-at-a-distance and asserts a potential 
that is unretarded. This proposition differs from that of Wheeler and 
Feynman 1 * 4 , who accepted action-at-a-distance and the non-radiation of energy 
by accelerated charge. They introduced reaction fields set up by the resp¬ 
onse of other charges, assuming that these were a combination of half of a 
retarded and half of an advanced Lienard-Wiechert solution of Maxwell's 
equations. Bearing in mind that electromagnetic waves are usually set up 
by the collective acceleration of numerous charges, where the energy of 
the mutual interaction is prevalent, we have no real evidence to suggest 
that any charge can radiate its intrinsic electric field energy or set up 
a reaction on itself that is not conservative of energy. 

The Larmor formula for radiation by a discrete accelerated charge 
depends for its derivation upon the assumption that its electric field is 
distorted by a wave propagating outwards at the speed c and gives a contin¬ 
uous rate of energy radiation inversely proportional to the cube of this 
speed. There is clearly conflict here with quantum theory, but the conflict 
vanishes if the electric field of the isolated charge does not admit any 
distortion and effectively requires the speed to be infinite, consistent 
with action-at-a-distance. There is then no Larmor radiation. However, 
to avoid infinities in the self-energy of the charge, it must have finite 
form and one can consider finite speed of electric field disturbance within 
the body of the charge. Rigorous analysis 15 ’ 16 , fully allowing for the 
interaction with an electric field of other charge producing the acceler¬ 
ation, then shows that the no-radiation condition applies within the body of 
charge only if there is an inertial property characterized by a mass M equal 
to E/c 2 , where E is the electric energy and c the disturbance speed. 

One charge can, therefore, accelerate another instantaneously without 
first demanding energy transfer. The resulting motion will upset the mutual 
potential energy. Its magnitude will change as the two particles come 
closer or move further apart. There must then be energy transfer. Now, 
though a charge cannot radiate its intrinsic electric energy continuously, 
it can become involved in quantum phenomena. It may change state spontan¬ 
eously, eg. the decay of a muon into an electron, or it may be created or 
annihilated along with a similar charge of opposite polarity. Thus the 
destiny of energy shed by the mutual potential change is the statistical 
creation of charge pairs, involving vacuum energy fluctuations. The kinetic 
energy of a moving charge is seen as that of charge pairs closely associated 
with the primary charge. This model has been used elsewhere to show why 
particle lifetime relates to energy as a function of speed 17 * 18 , otherwise 
attributed to 'time dilation'. Magnetic energy is simply energy in transit 
from the mutual electric potential state to the local kinetic form of either 
interacting charge. Such energy travels at a finite speed and may, in fact, 
materialize transiently en route, so that all energy is really electric in 
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character, being wholly constituted by particles of electric charge and a 
lepton field. Such action-at-a-distance theory with retarded transfer of 
energy to replenish vacuum energy fluctuations not only leads to the 
Lorentz force but also leads directly to a unified force law corresponding 
to Einstein’s gravitational equation by which anomalous perihelion motion 
has been explained 19 . 

In a uniform magnetic field the active transfer of energy becomes 
debatable but it does seem that free charge in motion in the field will 
be mutually neutralizing in part and the remaining part will become ordered 
to the extent that it develops a half-cancelling reacting field 20 ’ 21 . This 
requires the deployment of that number of reacting charges into the ordered 
state that has a kinetic energy density equal to the magnetic field energy 
density. This can account for the gyromagnetic factor of 2, without recourse 
to Dirac’s theory, a result used below in the discussion of the quantized 
Hall effect. 

Energy in transit will travel at the limiting speed c, measured in the 
local frame set by the vacuum lattice, seen also as the frame in which 
charge pair creation is referenced. Waves are disturbances of the lattice. 

A free wave not affected by other overlapping waves moving in the opposite 
direction will propagate at the same speed as the energy, but wave velocity 
can be subject to other criteria, especially in standing wave conditions. 

For example, in a standing wave set up by reflection between mirrors, the 
nodes of the electric and magnetic components are displaced relative to one 
another along the beam axis. This makes it probable that, in addition to 
being transported through space with the mirror system, there is a constant 
cyclic exchange of energy forwards and backwards along the beam between the 
two energy forms. Wave propagation in the two directions cannot follow this 
motion, which occurs through unit distance in a time 2/c, as measured in the 
frame of the apparatus. All we can be sure about is that in making a round 
trip the waves will keep in step with the energy oscillations. Thus 2/c 
becomes equal to 1/u + 1/u’, where u and u’ are the wave velocities in the 
respective opposite directions. We could suppose that these velocities adopt 
the vacuum lattice as their reference, as does the energy. Indeed, this has 
been the author’s assumption until hearing of a new experimental constraint 
(see discussion of Silvertooth experiment below). The alternative is to 
suppose that the wave velocities become referenced on the muon field, which 
assumes the role of a preferred frame associated with the isotropic cosmic 
background radiation. On this hypothesis the wave speed will be denoted c’, 
applicable in either direction along the beam, a value which is referenced 
on a frame through which the mirror system moves at velocity v in the beam 
direction. This causes c’+v and c’-v to be u and u’, respectively, and we 
then obtain the relationship: 

c = c’(1 - v 2 /c 2 ) (1) 

if we ignore terms in (v/c)^. 

EXPERIMENTAL EVIDENCE 

The MicheIson-Morley Experiment 

The null of this experiment has been interpreted as support for the 
relativity hypothesis, assuming that wave velocity is isotropic either in 
the preferred frame or in the observer’s frame. However, as there are 
standing waves in the compared optical paths of this experiment we might 
apply equation (1) to find also that the null result is fully compatible 
with wave velocity in the standing wave paths being referenced on a preferred 
frame. The experiment is inconclusive in view of this possibility. 
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The Sagnac Experiment 


The positive result of this experiment demonstrated that standing 
waves set up in a rotating mirror system need not share the rotation of the 
apparatus. This allows rotation to be sensed by interferometer techniques 
as if wave velocities are referenced on the non-rotating frame. This 
experiment has long been regarded as consistent with ether theory and so 
it is consistent with the possibility that the vacuum has a lattice system 
which need not rotate with the apparatus. The relativity hypothesis is, 
however, in trouble in explaining this experiment. This has been a subject 
of critical review by Turner and Hazelett 22 , who write in this connection: 

1 According to a leading relativistic treatment 3 even the formerly sacrosanct 
constancy of c blurs into any of a wide range of values 3 depending upon 
circumstances . 1 

The Silvertooth Experiment 


This is a recent experiment using a standing wave sensor 23 specially 
designed to scan along a standing wave set up by light rays of the same 
frequency travelling in opposite directions through the sensor. If these 
waves travel at the same velocity in both directions and relative to the 
apparatus, then the amplitude of the standing wave should be unmodulated 
along its length. Otherwise, a discrepancy in the two speeds should cause 
some modulation, such as a phase variation of the standing wave oscillations 
along the beam. The position of the nodes is also shifted as a function of 
any variation in the velocity discrepancy. As in the Michelson-Morley 
experiment, the standing wave system does, of course, move bodily with the 
apparatus in its translational motion through space. This is known already 
by direct test from the Wiener experiment of 1890 2i+ . 

Silvertooth 25 has measured the nodal shift in a standing wave for 
different orientations of the beam direction and has achieved a detection 
of the Earth f s motion through space that is first-order in v/c. His initial 
experimental results correspond to motion of the Earth in a line drawn to 
constellation Leo, the measured velocity being 378 km/s. When these results 
are confirmed they will have invalidated Einstein f s theory of relativity. 
Meanwhile, it seems prudent to develop the photon theory without reliance 
upon any relativistic qualifications. Clearly, Silvertooth 1 s researches 
will have extensive impact upon those aspects of quantum theory which build 
on a connection with relativistic formalism that goes beyond analysis using 
the verified formulae for mass-energy and its variation with speed. 

The Charge-Mass Ratio of Atomic Nuclei 


There is some indirect evidence of the existence of a vacuum lattice 
having the form of a cubic array of charge sites in a neutralizing background 
and sharing the motion of matter. This is revealed in the charge-mass ratio 
of the atomic nuclei. 

Berezin 26 has shown that minimal energy criteria can favour unexpected 
charge distributions about a central nucleating charge, all based upon 
electric interaction. Though this has been challenged on stability grounds 
by appeal to Earnshaw f s theorem, as noted by Scott 27 , this theorenTfails if 
applied to conditions in a uniform charge continuum, a point discussed at 
length by the author 28 and recently briefly mentioned in relation to the 
Berezin proposition 28 . 

A three-dimensional array of A charges -e, nucleated by a central 
positive charge Ze, though conventionally deemed unstable when A is greater 
than Z can be stable if two conditions are met. Firstly, if the A charges 
meld into the vacuum background by replacing lattice charges, then the 


349 



system will exhibit only the Ze core charge as sensed by matter. Secondly, 
the array of A charges will tend to cluster together under the influence of 
the nucleating charge provided A is not too large in relation to Z and, for 
the specific array, breaches minimal electric energy criteria. For a 
uniform symmetrical distribution of the A charges over a spherical volume 
A must be less than 2.5Z. If the A charges are uniformly distributed over 
a spherical surface, with Ze at the centre, then A must not exceed 2Z. To 
verify this, for example in the latter case, compare the Coulomb inter¬ 
action energy between Ze and -Ae at radius R, namely -ZAe^/R, with the 
Coulomb self-interaction energy of the A charges, namely A 2 e 2 /2R. The total 
energy is negative, so favouring reduction of R and containment, only when 
A is less than 2Z. 

This has direct relevance to atomic nuclei, if we can regard the proton 
and each bound neutron as a charge A and remember that when a neutron is 
driven out its charge becomes neutralized as the lattice site is filled by 
an opposite charge to that neutralizing the neutron. A becomes the atomic 
mass number and, for a multi-shell nucleus, the approximation by which A 
cannot exceed 2.5Z should hold. Note then that nuclei become unstable 
just above Bismuth in the periodic table, that is just above Z = 83 and, 
for the abundant isotope of Bismuth, A = 209. This is good accord. Also, 
over the lower range of atoms, for the more abundant isotopes from He* 4 , we 
know that the ratio A/Z progresses steadily from the value 2 upwards as A 
increases. It is as if the vacuum itself plays a role in determining the 
atomic stability conditions, by virtue of its lattice dimensions. Indeed, 
on this atomic evidence, the lattice spacing can be estimated and found to 
accord with that deduced from the photon theory below. 

The Quantized Hall Effect 


The action-at-a-distance effects which reproduce a synchronous electric 
lattice are in evidence in the quantized Hall effect and particularly in the 
fractional features of this effect. We suppose that the charges in a semi¬ 
conductor can form into a cubic lattice array and that current can be passed 
through the semi-conductor by the bodily displacement of this lattice, a 
process that occurs without energy exchange and so without radiation losses. 

The relevant equations in the CGS system of units are: 

Heu/c = Ee Neu/c = i (2) 

relating magnetic field intensity H, charge e, translational speed of charge 
u, speed of light c, transverse electric field intensity E, density of charge 
carriers N and current i. The material is supposed to have unit permeabil¬ 
ity and must be homogeneous, so that the measured Hall resistance R^, which 
is E/i, is given by: 

R h = H/Ne (3) 

Whereas the small translational drift velocity is denoted u, the 
charges of mass m also have a much higher velocity component v directed 
lateral to H. This causes them to be deflected into orbital motion of 
radius r, in reacting to H according to the equation: 

Hev/c = mv 2 /r (4) 

Such reacting charges will also move so that in their collective action 
they describe orbits which are linked by zero magnetic flux. This means 
that the primary field acting over the area irr 2 will cancel the effect of a 
magnetic moment set up by the reacting charge. This is equivalent to 
writing: 
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(S)Hirr 2 = 4ir(I)irr 2 (N) 


(5) 


where I is the elemental current ev/2irrc of each individual orbital charge 
and S is the number of such charges in unit area of each layer of the 
lattice grouping, the plane of each layer being perpendicular to H. N is 
determined in terms of the kinetic energy of each reacting charge: 

NGmv 2 ) = H 2 /8 it (6) 

as shown below. From (4), (5) and (6), it then follows that: 

2irr 2 (S) = 1 (7) 

From experiment involving superconductors it is known that the basic 
reaction flux quantum is hc/2e. Thus each unit HTTr 2 must equal nhc/2e, 
where n is an integer. From (4), this corresponds to the classical Bohr 
atom quantization: 

mvr = nh/2TT (8) 

Equations (3), (4), (7) and (8) afford the equation: 

Rjj = (nS/N)hc/e 2 (9) 

where N/S is merely the number of layers of charges in the test specimen 
and contributing to the Hall resistance. 

The value of n, being a number of flux quanta, can only be odd and 
must be the same for all charges forming the ordered lattice. The reason 
for this is that, to create a reacting flux quantum with n = 3, for example, 
two n = 1 reacting charges have to neutralize as a pair by one reversing 
its magnetic flux direction. This involves the transfer of double flux 
quanta to units with n = 1, so that n can increase to 3, 5, 7 etc. In short, 
formula (9) holds only provided n is odd, but N/S can be an odd or even 
integer. This is confirmed by the experimental data on the fractional Hall 
effect. 

Equation (6) is justified because the reaction magnetic field is prop¬ 
ortional to 2 tt( evr/c)N, which from (4) is proportional to ^mv 2 (N/H). This 
is further proportional to H f -H, where H f is the active effect of the 
applied field that is offset by the reaction field to leave H as the resid¬ 
ual field. Taking the energy density term N(^mv 2 ) as the variable tending 
to a maximum, meaning that from all the charges that are present only a 
limited number set by this condition can become regimented to provide a 
lattice and develop the ordered reaction, we then find that the differential 
with respect to H is zero when H f = 2H. Thus the effective field H always 
arises from a double action effect offset by a halving reaction. This 
accounts for the gyromagnetic factor of g = 2 concerning the specific magn¬ 
etic moment in relation to angular momentum of orbital charge found in the 
ferromagnet. It further results in the equation (6) , because (g)2TT(evr/c)N 
is 4TTgN(^mv 2 )H, which equals H. 

Complementary with equation (6) we obtain from (4) and (8): 

^mv 2 = (He/2mc) (nh/2TT) (10) 

which shows that the field strength H determines the reacting kinetic 
energy of each charge included in N, leaving equation (6) then to determine 
N. Such analysis shows that it is feasible to analyze electric lattices 
by direct application of simple classical style physical principles, which 
gives support to our adoption of similar methods in analysis of the vacuum. 
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THE NATURE OF THE VACUUM LATTICE 


The lattice state of the vacuum comprises discrete charges e” in a 
uniform continuum of opposite charge density e + per unit cell volume d 3 , 
where d is the lattice spacing. The lattice structure is determined by 
minimum energy, but unlike structures in the matter state, where relative 
potentials can be negative, charges in the vacuum itself are governed by 
absolute criteria and minimum energy cannot be negative. This means that 
the lattice has a simple cubic structure. Locally the vacuum lattice is 
locked into the shell structure of atomic nuclei and forms microcosmic 
domains coextensive with the whole atom. Each lattice charge is subject 
to a restoring force resisting displacement relative to the background 
continuum charge. This makes the lattice a two-dimensional linear oscill¬ 
ator. It has a natural frequency v 1 = mc 2 /h, which determines the mass m 
of the electron. This leads us into the calculation of h in terms of e and 
c, but before performing this calculation we need to consider the essential 
role of a virtual muon pair denoted u + ,p-, which has association with each 
cell unit of the vacuum state. 

In Fig. 1 a cubic cell of vacuum space in shown to include a spherical 
zone centred at P. This zone is displaced from the centre of a cell and is 
at a position of minimal positive electric potential as determined by the 
state B condition. In state A there are two muons located outside the zone 
P and in state B the zone P is occupied by a lattice charge e”, with the 
charge e + deemed to be uniformly distributed over the remainder of the cell, 
shown shaded. 
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Fig. 1. Charge constituents of the vacuum lattice cell. 

The virtual muon pair is deemed to migrate at random and to do this 
by successive mutual annihilation and creation at new positions, this action 
occurring at the frequency v 1 . Thus, if the muon pair annihilates and is 
recreated outside zone P, state A prevails. If, however, the muon pair is 
created in a zone P not already occupied by charge in its degenerate state, 
then the lattice charge and continuum condition of state B will be set up 
in company with a release of energy as a vacuum fluctuation. Such unoccup¬ 
ied regions exist at boundaries where lattice domains move apart, but there 
is always a boundary elsewhere where lattice domains come together and it 
is here that the reverse process can occur. Energy is absorbed by the 
degenerate charge form, for which there is no longer available space, and 
the muon pair is reconstituted. This explains the quantum electrodynamic 
process by which lattice structure can exist in a continuum and have its 
several parts in relative motion without exhibiting linear momentum proper¬ 
ties. Normally, however, the muon pair entering a zone P will find that it 
is filled with charge. It is then driven out to sustain a state A. This 
really amounts to saying that the vacuum is a sea of leptons (virtual muons) 
which has a propensity to become partially degenerate, setting up a lattice 
which shares translational motion of local matter, without exhibiting linear 
momentum, but which exhibits angular momentum and forces matter to adopt its 
cyclic jitter motion. 
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The overall effect of this sequence of events is that for equilibrium 
(apportionment of mass energy in proportion to space occupied by charge), 
the energy of the degenerate state B is 2pk, where k is the ratio of the 
volume of the zone P to the cell volume d 3 and y here denotes the muon rest 
mass energy. The mean energy per cell is always 2p, but this takes the form 
of the muon pair (state A) for l~k of any unit period of time, with state B 
applying continuously. All space has become a charge plenum, with space 
itself being conserved in regulating transitions between charge forms. 

A remaining consideration is that the charge e“, being at a position 
of positive but minimal electric potential at P, is attracted towards the 
centre of the cell. It can only be f stable*, with the electric force 
balanced by centrifugal force, if it describes the circular orbit of equi- 
potential about this centre in company with the same synchronous motion of 
all other such lattice charges in surrounding cells. All parts of the 
lattice therefore describe circular orbits of radius denpted r and at a 
universal frequency which we take to be v' = mc 2 /h. A particle of matter 
moving with this frame (the electromagnetic reference frame) is at rest 
electrodynamically but it has an ever-changing position and an ever-changing 
momentum. The product of these quantities in the case of an electron is 
the product of two uncertainties (2r) and (me) or h/2iT, because it is only 
if the speed in orbit is c/2, giving uncertainty of momentum over a range 
me, that the frequency in orbit satisfies the mc 2 /h condition. Furthermore 
this also gives: 

r = h/47rmc (11) 

THE PHOTON PROCESS 

If the lattice is disturbed by the transport of energy, it keeps its 
synchronism regardless of the microdomain boundaries and merely expands its 
orbits. As with any two-dimensional linear oscillator, the energy stored 
is given by: 

E = H(2ttv *) (12) 

where H is the accompanying angular momentum added to and so transported 
through the lattice. 

At the source or at a position where this energy quantum is absorbed 
in exchanges involving matter, we need to assure a basis for balancing this 
angular momentum H. Something has to spin. We only recognize the lattice 
itself as a structure that can spin with a variable quantum and so we take 
a very small cubic unit of the vacuum lattice as the seat of the photon 
event involved. In spinning, this unit disturbs surrounding lattice or 
is resonantly receptive of existing disturbances in a receiving mode. The 
spin is at one quarter of the disturbance frequency v, because the cube 
corners nudge the surrounding lattice four times per cycle. This gives the 
spin angular momentum as I(2 ttv)/ 4, where I is now the moment of inertia of 
the cubic photon lattice unit. The angular momentum balance gives, from 
equation (12): 

E = (tt 2 Iv * ) v (13) 

which means that Planck*s constant h is tt 2 Iv* and, since v* is mc 2 /h: 

h = ttc/ (Im) (14) 

Note, from equation (12), that when v = v* the photon spin angular momentum 
is h/27T. Also note that we have neglected the energy W needed to prime the 
spin of the photon unit. This is §1 (2ttv/4) 2 , which from (13) gives: 
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W/E = v/8v f 


(15) 


It should also be noted that, in setting up the initial spin state, the 
two energy quanta E and W separate, because W remains with the cubic spin 
unit and E disperses. Thus these two quanta are separately conserved. 

Then, since angular momentum is conserved and W, both I and v must remain 
constant throughout the period of spin. It follows that we can regard the 
value of I as that of the cubic unit at the initial onset of spin and since 
a cubic lattice can spin about any central axis with the same moment of 
inertia, the task of calculating h from (14) simplifies considerably. 

The task of determining Planck’s constant has become simply that of 
determining I. It will now be shown that the value of I is set by a 3X3X3 
cubic lattice group fitting neatly within the spherical field cavity of 
diameter equal to the Compton wavelength of the electron. 

Given that the spin unit has a lattice charge at its centre, is of 
simple cubic form and has a minimal moment of inertia, the 3X3X3 array is 
the only choice. There are 12 lattice charges at distance d and 12 at 
distance /d from an axis drawn centrally through the other 3 lattice charges 
and this gives the unit a radius of gyration squared of 36d 2 . Let s denote 
the effective mass of each such charge in electron mass units m. Then: 

I = 36smd (16) 

and, from (14), this gives: 

h = 67rmcd/s (17) 

The theory then advances by noting that the displacement of the 
lattice charges in setting up the centrifugal balance in a fully dynamical 
system requires: 

2(47re 2 /d 3 ) = sm(27TV f ) 2 (18) 

because the total mass of the e + ,e“ system of the state B in Fig. 1 is 
effectively divided in juxtaposition in the inertial frame to set up the 
balance. The charges are separated effectively by 2r, explaining the 
initial 2 in equation (18). Also, we will expect 2sm to equal 2pk. 

From equations (11) , (17) and (18), together with v f = mc 2 /h, it is 
a matter of algebra to deduce: 

hc/27re 2 = 216tt/s = 1447rr/d (19) 

and the equation: 

d = 727re 2 /mc 2 (20) 

Bearing in mind, from (11), that the Compton wavelength of the electron 
h/mc is 47rr, we see that knowledge of r/d allows us to deduce the fine- 
structure constant and verify whether the photon unit is housed within the 
cavity of diameter equal to this Compton wavelength. 

The task of calculating r/d is relatively simple, being merely that 
of computing the position of the zero potential of the zone P in Fig. 1, 
for, of course, an approximation to an infinite lattice. There is a 
marginal dependence upon the finite size of this zone P. A rigorous study 
of this problem in the context of the derivation of E = Me 2 by the inertial 
method mentioned earlier has shown that the radius occupied by charge is 
given by the J. J. Thomson expression 2e 2 /3Mc 2 . Computer calculation 1 


354 



gives the zero potential value of r/d as 0.30287 and so, from (19) a purely 
theoretical derivation of the reciprocal of the fine-structure constant as 
137.017. This also gives an electron Compton wavelength of 3.8 d, which is 
just right for this diameter to embrace the photon unit of cube edge 2d. 

However, in order to calculate the true value of the fine-structure 
constant, it is the term involving s in equation (19) that matters because 
this sets a resonance condition at a potential very slightly above the zero 
level. In the author’s earlier version of the theory it was thought that 
the resonance was between the lattice charges and the electron-positron 
field. The resonance criterion is that the space volume corresponding to 
the Thomson charge formula should be conserved in particle transitions. 

Thus the energy 2smc 2 occupies the space that can accommodate (l/2s) 3 
electrons and positrons, the number of which must be odd. The least energy 
resonance of this kind is that for which this number is 1843, giving, from 
(19) the value of hc/27re 2 of 137.0359148. 

Whereas the intrinsic mass of the lattice charge is 2sm, the charge 
exhibits a mass density equal to that of the enveloping muon population and 
this means that, as in the hydrodynamic situation, the mass of the spherical 
charge form is effectively halved owing to the motion through the equally 
dense medium. Hence the effective mass sm. 

THE MUON RESONANCE 

Now, it has been shown above that sm = yk, where k is a measure of the 
ratio of the volume of the sphere centred at P in Fig. 1 in relation to the 
lattice cell volume. In terms of units of electron radius cubed, the volume 
of the lattice charge is (l/2s) 3 and, from the Thomson formula, the cell 
volume d 3 is (108 tt) 3 such units. This tells us that s 

1/k = (3/4 tt) (108tt) 3 (2s) 3 (21) 

and since we know that s is (2r/3d) 2 from (19) and that r/d is approximately 
0.30287 the value of y/m is calculable and is found to be just a little 
greater than 206. The mass of the muon emerges from the theory. 

As a result of theoretical developments concerning the nature of the 
real muon which has a mass 206.7683 times that of the electron, the author 
has found that the real muon is continuously changing state between a form 
of 207 and 205 electron mass units, as it puts energy into electron-positron 
pair creation and annihilation. The exact muon mass has been calculated 
from a theory involving field cavity resonance 33 > 3 *> 32 . For this reason 
it has occurred to the author that the virtual muon pairs in the vacuum 
lattice system might involve a proportion of these two types of muon and 
that it is the lattice theory which explains why this mix does not include 
203 and 209 electron-mass muon types. The theoretical value of just over 
206 and the need for an odd integer multiple of electron mass combine to 
determine this possibility. It was then realized that the electron reson¬ 
ance with the lattice particle could only occur under rare and very energ¬ 
etic conditions, because it involves an energy fluctuation very slightly 
in excess of that of the proton mass-energy. It could then be supplemented 
by an over-riding resonance state, where s in equation (21) is determined 
by the equation: 

(p + q)s/k = 205p + 207q (22) 

and p and q are small integers giving a value of s which assures the near 
zero potential condition in the lattice. The surprising result of this 
study was that with p = 1 and q = 2 equations (21) and (22) gave a value 
of s, which, upon insertion in (19), gives: 
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hc/2ire 2 = 137.035950 


(23) 


This is extremely close to the measured value, being marginally less 
by a few parts in ten million. Indeed, it is representative of some values 
that have been reported from tests involving quantized Hall resistance and 
Josephson measurements. Generally, it seems that other methods involving 
analysis of optical spectra indicate a slightly higher value. Such tests 
are based on theory which concerns the energy levels of electrons in atoms 
and assume that all the energy released goes into the photon energy E. If, 
however, a small energy quantum W of equation (15) is deployed into priming 
the spin of the photon unit, we would expect the photon frequency to be very 
slightly smaller than normal theory predicts. Conceivably, this could be 
interpreted as indicating a higher value of h and so a higher value of 
hc/2ue 2 . The magnitude of this effect is small, being, from (15), of the 
order of parts in ten million at frequencies of the order of 10^ Hz. 

Evenso, as research improves measurement of the fine-structure constant, this 
possibility should be resolvec} and could provide confirmation experimentally 
of the photon theory described in this work. 

PROTON CREATION IN RELATION TO PHOTON THEORY 

It has been argued that the vacuum lattice provides the physical basis 
for the photon process and that an energy quantum equal to that of two muons 
is associated with each cell of the vacuum and yet passes unseen except for 
occasions when there are violent disturbances of th<e lattice equilibrium. 

It is inevitable, therefore, that such a muon energy quantum plays a role 
in the creation of heavier particles, whereas the electron and positron are 
directly developed as the energy of the photons when in full resonance with 
the natural frequency of the vacuum lattice. 

Proton creation involves the dimuon, a particle of charge e and mass 
2y. A muon pair can merge to be transformed into a compact unit formed by 
a muon and a dimuon of opposite charge. The dimuon has the same energy as 
two muons because, in this compact unit, the negative mutual electric energy 
balances exactly the rest-mass energy of the muon. However, the unit, as 
a whole, requires 9/8 times the space available from the muon charge pair. 

For balance involving muon pair annihilation a group of 9 muon pairs is 
needed to create 8 muon-dimuon systems. Thus, a concentration of muons will 
develop natural groups occupying the characteristic space of 18 muons or 
144 dimuons. The proton develops when very high energy particles of near 
point form are also available to trigger the creation of a proton in company 
with enough protons and antiprotons so as to occupy exactly this character¬ 
istic space. 

The relevant equations determining this proton mass are: 

Mp = (/3//2 - D-^u (24) 

as derived elsewhere 33 . This is an approximation based on a minimal energy 
relationship between the proton form and the dimuon. The controlling effect 
is the resonance between the proton and dimuon group, which involves space 
conservation and is formulated thus: 

(M p /2y) 3 = N/144 (25) 

where N is an odd integer. These two equations determine the value of N as 
12,685 uniquely. Then, because we know from (22) that 3y is precisely 619m, 
we can further check the photon theory by deducing an exact value of the 
proton-electron mass ratio using (25). The result is: 

Mp/m = 1836.152 365 (26) 
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This value is about 30 parts per billion higher than the value originally 
deduced 10 based on the electron resonance but Closer to the experimental 
value measured by Van Dyck et al 11 . As with the fine-structure constant, 
it requires further precision experiment to really test the theory proposed. 

CONCLUDING REMARKS 

Whatever paradoxical problems emerge in quantum theory, these can but 
indicate that we need to probe the physical basis of the photon process. 
Implicit in this is the common property evident throughout space which 
ensures that Planck 1 s constant is always the same. The structural property 
of a lattice system of some kind provides the.only likely route to our 
understanding of the dimensionless fine-structure constant which embodies 
the Planck constant. Thus Eddington is famous for his prediction that: 

hc/27re 2 = (16 2 -16)/2 + 16 + 1 = 137 (27) 

based on the number of independent elements in a symmetrical matrix in 16- 
dimensional space, where 16 = 4X4 (4 being the number of dimensions in 
Minkowski f s world). The comparison of such theories, including an updated 
version by Eddington and the author f s theory, was the subject of a review 
by Eagles 3 ** published in 1976. 

Theories such as that of Eddington, which are based on the abstract 
metric of relativity, run into their own problems, because relativity itself 
is prone to paradox. It too lacks that full physical basis which is an 
essential element to anything approaching a full understanding of how 
Nature is working. Evenso, scientists persevere in trying to force out the 
answers from relativistically-based lattice metrics, whatever the complexity 
of the computation. The most notable active example of this is the project 
undertaken by IBM to harness computing power so powerful that it can perform 
in only one year a calculation that would take hundreds of years on other 
supercomputer systems. Beetem et al 35 explain how IBM has set out to 
calculate the proton-electron mass ratio by methods that will test quantum- 
chromodynamics. Space and time are approximated by a 4-dimensional hyper- 
cubic lattice of points. The calculation proceeds by estimating transition 
probabilities and expecting quite accurate predictions by extending the 
computations over a 16X16X16X16 lattice. It seems to the author that such 
a protracted calculation is unlikely to give an answer matching that given 
above in equation (26), which is based upon transition probabilities of a 
virtual muon pair occupying a lattice site in a 3-dimensional space and an 
infinite lattice. It was long ago realized that, even if this approach was 
only an approximation to the real world, there was a resonance condition 
that could fix the values of the fine-structure constant and the proton- 
electron mass ratio. 

Most important, however, in this debate is the ultimate need to accept 
that electric charge asserts an action-at-a-distance upon other electric 
charge. Our supposition that such actions are retarded is based upon the 
fact that electro-magnetic waves travel at the finite speed we associate with 
the symbol c. Yet such waves are attenuated in amplitude in inverse proport¬ 
ion with distance from source and the direct electric field varies according 
to the inverse square of this distance. Here was the warning that there 
could be a fundamental difference in action. It was this that caused the 
author to avoid the use of a time dimension in formulating the vacuum lattice 
theory and it comes as no surprise to the author that Aspect f s experiments 
on quantum correlations confirm what has been termed 1 Spooky action-at-a- 
distance 136 . It remains to be seen whether independent experimental work 
will confirm Silvertooth 1 s experimental claim to have measured the Earth f s 
motion through space 25 . Such invalidation of relativity would undoubtedly 
lead to revival of a three-dimensional space governing the photon process. 
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IS THE PHOTON CONCEPT REALLY NECESSARY ? 
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ABSTRACT 

A definition of a normalized fundamental impulse, a wave packet of 
e.m. radiation of positive energy and momentum is given. A complementary 
impulse of negative energy and momentum is also defined. These wave 
packets may be depicted as a wave above the "sea level" of the Zero Point 
Field (of Stochastic Electrodynamics) and a complementary wave, or hole, 
beneath the "sea level", they propagate as a combined pair. 

Using these notions several optical experiments are interpreted 
without the intervention of the photon concept. 

1 - INTRODUCTION 

Einstein’s main motivations to consider the corpuscular nature of 
1 2 

radiation 5 were the following : 

- the behavior, in the thermodynamic sense, of monochromatic 
radiation of low density (within the validity of Wien’s radiation law) is 
the same as if radiation consisted of mutually independant quanta of 
energy of magnitude h . 

- the emergence of the explanation of the photoelectric effect. Thus, 
the maximum kinetic energy of an ejected electron is given by 

E = hV - W (1.1) 

max 

3 

where hy is the energy of each incoming light quantum and W is the work 
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function, i.e. the work required to remove the electron from the metal. 
Eq. (1.1) is now known as Einstein*s photoelectric equation . 

- considering the energy fluctuations of blackbody radiation in the 
frequency range ( + d)) ) and the cavity subregion of volume V, 
Einstein established the following relation 



where, 



pHv) 


V.ch> 


fM = && ( , y 


( 1 . 2 ) 


(1.3) 


is the Planck spectral density of blackbody radiation. In the domain of 
frequencies and temperatures where the Rayleigh-Jeans formula applies, 
eq. (1.3) becomes 


and eq. (1.2) is now 


(1.4) 



LOOtfVS 


- P 


(1.5) 


This term may be computed on the basis of classical Maxwell's wave 
theory of light. 


The first term in the r.h.s. of eq. (1.2), which is inexplicable from 
the wave theory point of view, is accounted for on the basis of Einstein*s 
quanta of light. Thus 

(u6> 

Finally, eq. (1.2) which is known as Einstein*s fluctuation formula 
for blackbody radiation, may also be written as 

(&£y) - ^ ijam (1 ' 7) 

Here is also the first time that the so called wave-particle duality 
was introduced. 

4 

In a subsequent paper Einstein confirmed and elaborated on the 
corpuscular nature of light quanta and attributed to a quantum of energy hV 
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a momentum whose magnitude is h*5) /c, which has a definite direction. This 

concept was well verified by the now well known experiment of A.H. 

5 

Compton . 

Soon after Schrodinger published his first paper on wave mechanics in 
1926, several papers appeared where, on the one hand G. Wenzel and G. Beck 
(for references see Jammer ) gave a wave-mechanical derivation of 
Einstein 1 s photo-electric equation and, on the other hand, G. Wentzel and 
Schrodinger^ provided a wave mechanical description of Compton T s effect. 

8 9 

More recently. Lamb and Scully and Franken used the semi-classical 
theory of interaction atom-radiation field, where atoms obey the laws of 
Quantum Mechanics (QM), and the radiation field is treated classically, 
according to Maxwell T s equations, i.e. without the use of the photon 
concept. They have been successful in deriving Einstein T s photo-electric 
equation. 

Moreover, the results of various interference experiments, such as 
those of Young's slits or Michelson's interferometer by Janossy and 
Naray"^ at very low source intensities are quite naturally accounted for 
by considering a wave packet the length of which is comparable with the 
coherence length of the spectral line used. The intensity of the light 
source is set to such a low level as to ascertain that at any instant only 
one such wave packet is present in the instrument. Interference patterns 
are observed provided the coherence length is larger than the optical path 
difference, for example, in Michelson's interferometer. 

Conversely, a group of several experiments was performed purporting 
to show the indispensability of the photon concept. Thus, the wave theory 
of light cannot explain these experimental results, whereas the photon 
theory of light does so, adequately. 

Typical of such experiments, also one of the most sophisticated, is 
that of Clauser's"^, who measured diverse twofold coincidence rates 
between four photomultipliers viewing two cascade photons on opposite 
sides of two beam-splitters. 

For the purpose of the present paper, the essence of such experiments 
may be presented as follows: a beam of light of a low intensity source is 
directed on a beam-splitter. Two photomultipliers view the beams on both 

sides of the beam-splitter. The coincidence rate between the two 
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photomultipliers is measured. According to the wave theory of light, a 
wave packet, depicting the emission from an atom of the source, is split 
into two parts by the beam-splitter and one should observe coincidences 
between the two photomultipliers. Whereas, if one considers the photon 
theory, a photon arriving at the beam-splitter is either reflected or it 
is transmitted, since it is not possible to split a photon into two parts, 
no coincidences should be observed. Experiments disprove the wave theory 
and are in agreement with the photon concept of light. 

Another simple experiment may be considered as proof of the photonic 
nature of light. Consider a source of low intensity whose beam is directed 
on a photomultiplier. One measures the rate of arrival of quanta of light 
on the photomultiplier. Then one inserts an absorber between the source and 
the photomultiplier. One measures the new rate of arrival of quanta of 
light. In the classical theory of light, as a consequence of the inter¬ 
position of the absorber, the amplitude of the field decreases, whereas 
the photon theory predicts that the number of photons arriving, per unit 
time, on the photomultiplier decreases. The latter prediction is 
confirmed by the experiment. 

Summing up, one may conclude that the ensemble of the experiments 
considered above fall into two groups: the first group comprises those 
experiments which may be explained either by the wave theory or the photon 
theory of light. Whereas the experiments of the second group are explained 
only by the photon theory. 

The following proposition was considered: Is it possible to advance a 
theory, albeit a heuristic one, based on the classical wave theory which 
does not necessitate the photon concept and which accounts for the results 
of the second group of experiments ? 

The rest of the paper will be devoted to the presentation of such an 
endeavor. 

2 - PRELIMINARY CONSIDERATIONS 

2.1 The motivation . The above proposition will be elaborated in the 
framework of Stochastic Electrodynamics (SEP) . SED, as it is well known 
(see also the next paragraph), is a classical theory augmented with a 
fundamental postulate, viz: the existence at the absolute zero of 
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temperature of a universal fluctuating electro-magnetic field, the Zero 
Point Field (ZPF). 


During the last two decades, this theory was developed and applied to 

various physical phenomena with interesting results. These results, in 

12 

particular the Planck spectrum for blackbody radiation , were obtained 
without the invocation of the photon concept. It appears, thus, quite 
natural that an attempt, within the framework of SED, should be made at 
the elaboration of the above proposition. 

The development and the application of SED is an interesting line of 
investigation per se and should not be considered as a snub to Q.M. On 
the contrary, quantum mechanical results were often considered as the 
standards to which SED results were compared. Since the approach to 
physical phenomena in the framework of SED is different from that of Q.M., 
on several occasions SED results contributed to shed a novel light on the 
comprehension of the phenomena considered. 

2.2 Stochastic Electrodynamics . Developed, essentially during the 
last two decades, SED is a classical theory augmented with a fundamental 
postulate of the existence of the ZPF. 


Applying thermodynamical considerations, such as were used by Wien to 
establish his famous law, an expression giving the energy spectral density 
of the ZPF is derived. For a one-dimensional case, one has 



where CO is the circular frequency, c the velocity of light and K is a 
constant having the dimension of action. For comparison of results 
obtained in SED with those of Q.M. one sets K ='& . The application of the 
Lorentz invariance to the spectrum of the ZPF yields the same result. 
However, neither derivation furnishes the numerical value of K. 


13 14 

Recent surveys of SED may be found by Boyer , and Surdin where 
further references are given. 


The relevant facts to the pursual of the present paper are : 

- the results obtained in SED were derived using strictly the 
classical wave theory of radiation; the photon concept was not introduced. 
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- in the framework of SED it appears as if all the laws of physics 
stem from a single concept, the ZPF. 

15 

Thus, it was shown that Einstein 1 s spontaneous emission may be 

16 

considered as the emission induced by the ZPF. It was also shown for the 
hydrogen atom that the higher energy levels and, hence, their energy 
difference are the consequences of the action of the ZPF. The emitted 
energy is in the form of an elementary coherent wave-packet, the energy of 
which is extracted from the ZPF. It will be accompanied by a 
"complementary" coherent wave-packet, say an "anti-wave packet", a "hole" 
of energy in the ZPF. 


The concepts of coherence, elementarity and complementarity of a wave 
packet are clarified hereafter. 

2.3 The elementary wave-packet as considered hereafter is the 
wave-packet emitted by an atom. Usually it is reckoned that emission by an 
atom is effected in the form of a monochromatic radiation of energy hy. 
However, due to the ZPF, the emitted line is not pure monochromatic but 
has a "natural line-width". This is due to the fact that the energy of an 
atom for an orbit of order n (n=l,2,3..) does not have a sharply defined 
value, but possesses a natural line-width. For a spherically symmetric 

hydrogen atom, the relative line-width for an orbit of order n is given 

i 17 
by 

(%■) 

for the ground state n=l, one obtains 

= i (*%<. y 

The value given by eq. (2.2a) may be considered as the minimum relative 
line-width of the emitted radiation, resulting from a transition between 
orbit of order n and the ground state. In practice the line is further 
broadened due to thermal or Doppler effects. However, as is 

generally small, say 10 **, it will be considered hereafter that the energy 
of the emitted line is well approximated by h V c , or in the SED notation 
by Ku) #> where or U) # is the nominal frequency of the emitted line. 

An atom may be considered as a resonant system of central frequency 
*y o and of relative band-width given by eq. (2.2a). The relaxation time 


( 2 . 2 ) 


(2.2a) 
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of the resonant system is given by 




I 

z &v„ 


2.4 The natural coherence length is defined as 


(2.3) 


L 


o 


iL_ - 2k. 



(2.4) 


is the nominal wave-length of the wave-packet and is the width 

corresponding to . 


For a transition to the ground state of the hydrogen atom the minimum 
value of AV./V* is given by eq. (2.2a), it comes 



(2.5) 


L q is the natural coherence length ; in practice, however, because of the 
broadening of the emitted line due to thermal or Doppler effects, the 
coherence length is smaller than L q . 


2.5 The energy content of a wave packet at the nominal frequency 
and of line width is obtained as follows: the coherence length is 
L=c/fcV and the volume of the "coherence sphere" is 

*- is - f 

The energy density in the packet is then 



ll, V<^o (av)^ 

— 


( 2 . 6 ) 


It is interesting to compute the energy density of the ZPF centered 
on the same frequency and having the same band-width as the wave- 
packet. Considering the contributions of both the electric and magnetic 
components of the (three dimensional case) ZPF, one has 



c 3 


The ratio of the two energy densities is then 


Ag _ syrr* ^2 £ 

Ay/ 




(2.7) 


( 2 . 8 ) 


This ratio depends on the relative band-width of the radiation considered. 
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The corresponding electric fields are in the ratio 


£* s 



For optical frequencies, taking ^ <t = 5.000 A, = 0.25 


(2.9) 


one has 


y = and —? ~ LStlo* 

2.6 The complementarity . A wave-packet, such as considered above, 
may be Fourier analyzed into its , monochromatic components. Each 
component's propagation is governed by the electromagnetic wave equation. 
For a source-free space the equation is 


c V 


P •= 


dV 

dt v 


( 2 . 10 ) 


where V is the Laplacian and F stands for either the electric field 
vector E or for the magnetic vector B of the wave. Eq. (2.10) is second 
order in space and in time and it has two independent space and two 
independent time solutions. 


Consider a one-dimensional case where eq. (2.10) describes the 
propagation of the wave along the x-axis and where E is along the y-axis. 
Then the two independent solutions are 

e ± (*,fc) = ^ [ 2ir (■£ 1 

( 2 . 11 ) 

and 

B ( ■& *->*)7 (2-12) 

the alternating signs in eqs. (2.11) and (2.12) correspond to the two 
independent time solutions. 


Let the source of radiation, localized at the origin, be emitting in 
the +x direction; then, in common practice, the sign - corresponds to the 
usual retarded potential and the sign + corresponds to the advanced 
potential solution. In what follows the concept of the advanced potential 
solution is relinquished . Here one contemplates the possibility of both 
solutions as propagating in the +x direction for t>0. Eq. (2.11) for the 
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usual retarded solution is then 


E_ (x>o,t><>),= ^ ^[iir (-J- -vo] 


(2.11a) 


and for the other solution, the complementary solution , one has 

£, (*>,, = 3 £ o »*■» (T * 


= ^ £o s*n ( A 


y t- 


>] 


(2.11b) 


Eq. (2.11b) corresponds to a retarded wave propagating in the +x direction 
and having a negative frequency “V^-Vas well as a negative energy and 
negative momentum. 


Similar equations may be obtained for the magnetic field vector, viz 




% ** fa O' - 


(2.12a) 


B,. (*>0, k>o) sm JVir (-*- - yfc)J 


(2.12b) 


The energy and momentum flow of the wave governed by eqs. (2.11b) and 
(2.12b) is now considered. Using Maxwell f s equations, one finds for the 
Poynting vector S + that 


X ( tj.%) 

p* * * 


(s ■-s> W- 


X 


(- £„ l ) 


yi c c 


(2.13) 


A A A 

where x, ^ and ^ are unit vectors along the Cartesian axes and = c. Eq. 
(2.13) indicates that the flow of negative energy and negative momentum of 
the complementary wave is along the +x direction. 


Thus eqs. (2.11a) and (2.12a), on the one hand, describe the usual 
retarded solution of the wave of frequency V propagating along the +x 
direction and, on the other hand, eqs. (2.11b) and (2.12b) describe a 
"complementary" wave of frequency *V = -V and of negative energy and 
momentum propagating along the +x direction and accompanying the former 
wave. 


The complementary wave has some unusual properties. In particular the 
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reflection and the transmission properties of the wave at the surface of 
separation between two optical media of indices n^ and n^ are of interest. 
In Annex I the case of normal incidence is examined. 

Correlatively, the inverse Fourier transform of the complementary 
wave corresponds to a complementary wave-packet, the anti-wave packet 
considered above. The pair of them, the wave-packet and its complementary 
wave-packet, propagate conjointly along the +x direction, the one 
transporting positive energy (2Tf K ) and positive momentum, the other 
transporting negative energy (2*TlK , >^= -2“7fK >* 0 ) and negative momentum. It 
should be stressed here that this state of affairs is possible only 
because of the existence of the ZPF. 


In SED the energy of a wave-packet emitted by an atom is supplied 
directly, or through intervening processes, by the ZPF. Thus, to a 
wave-packet of positive energy which is abstracted from the ZPF 
corresponds a wave-packet of negative energy, a ’’hole" of energy in the 
ZPF. 


There is a similarity of behavior of the usual wave above the "sea- 
level" of the ZPF and the complementary wave beneath the "sea-level". The 
"zero reference" level for energy is the ZPF. For conciseness the 
elementary wave-packet will be dubbed ADNI (Archetypal Definite Normalized 
Lnpulse) and will be designated by JL , its complementary component, the 
ANTI-ADNI will be Jl . 

Adnis and the complementary anti-adnis propagate as a pair without 
interaction. Interaction occurs only^in the presence of matter which acts 
as a "irreversible" element. 

The adni + anti-adni behavior conforms to the following group of 
rules (R): 

- the adni is an indivisible entity, the same applies to an anti- 

adni, 

- the spectral density of ZPF, on the average, is given by eq. (2.1). 
To the positive energy of an adni, extracted from the ZPF, 

corresponds a negative energy of the companion anti-adni. 

- in free space an adni and its companion anti-adni propagate as a 
pair without interaction. 

*■ - interaction occurs in the presence of matter, which acts as a 
"irreversible" element. 


370 



- during interaction each Fourier component of an adni may be 
cancelled by the corresponding component of the companion anti-adni. 
Interferences may be obtained only with adnis and anti-adnis which were 
previously separated. 

- the usual effects, such as the photo-electric effect, are due to 
adnis. The possible anti-adni effect on matter is considered in Annex III. 


3 - INTERPRETATION OF EXPERIMENTS 

3.11 Absorption . Consider a flow of adnis Jt 9 accompanied by their 
companion anti-adnis Jk , incident on a slab of absorbing medium of 
thickness £ . The adni loses its kinetic energy to an electron of one of 
the atoms of the medium, whereas the anti-adni does so to a "hole". The 
energy of the excited electron and hole is then dissipated by collisions 
with the crystalline lattice or, which is equivalent from the present 
point of view, by the recombination of the excited electron and hole. 

Let N(x) be the number of adnis present at the depth x from the front 
face of the slab, dN(x) the number of adnis lost along the distance dx in 
the absorber, then if 
dN 

— « N It, one may write 
dx 


dN (x) 

- = -*N(x) (3.1) 

dx 

where p( is a proportionality constant (having the dimension of the inverse 
of length). Integrating eq. (3.1) gives for x = i 

<x C 

N, = N e~ (3.2) 

v o 

where N^ denotes the number of outcoming adnis from the slab of thickness 
t, for N q incoming adnis. As photo-multipliers count only adnis, the 
counting rate will be proportional to N^ . Suppose now that one inserts 
between the light source and the absorbing slab a beam-splitter. As will 
be seen (Annex II) the beam-splitter acts as a non-linear device which 
separates adnis from their companion anti-adnis. Thus, the average rate of 
incoming adnis and anti-adnis on the absorbing slab is now one half of the 
preceding rate. However, due to the beam-splitter, now adnis and anti- 
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adnis are no more simultaneous. Considering the energy gained by the 
crystalline lattice of the absorber, the same considerations as above 
apply. Nevertheless, the counting rate of the photo-multiplier is now 
halved. 

One may characterize the absorbing medium by the formal relation 

njt + nJl= 0 (3.3) 
where n is an integer (n=l,2,3..) 

3.2 Fringes obtained with a plane parallel plate . Henceforward, the 
sources of the experiments considered are of very low intensity, so that 
at any instant only one pair adni+anti-adni is present in the instrument. 

An adni is an indivisible entity which can exist only in whole 
numbers. The same concept applies to anti-adnis. When an adni arrives at 
the frontal face of the plane parallel plate, it is either reflected or 
transmitted as a whole. Its companion anti-adni is then transmitted or 
reflected. The occurrence of reflection or transmission is a random event. 
As in the case of photons, the frontal face has a non linear behavior. 

Consider, first, the case where an adni is reflected from the frontal 
face, then its companion anti-adni is transmitted into the plate, 
traverses it and is reflected by the rear face. The other case occurs when 
an adni is transmitted, traverses the plate and is reflected by the rear 
face, the companion anti-adni is then reflected by the frontal face. In 
both cases the Fourier components of the adni and the anti-adni undergo on 
reflection a phase-shift, of either 0 or*lT , at the boundary surfaces, as 
shown in Annex I (for normal incidence). 

The combined adni+anti-adni Fourier component at frequency arriving 
at the frontal face of the plate is the solution of eq. (2.10), and may be 
written as 

fT = ft. [ s.'n [tir (£--»)]*.,■* A - w (3 i) 

Fourier components of different frequencies V behave all in the same 
manner at the boundary surfaces as their parent adnis or anti-adnis. 

Due to the fact that an adni and its companion anti-adni are 
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separated at the frontal face, they travel different optical paths. For 
the corresponding Fourier components a path difference results. 


Bearing in mind the rules (R) above, set forth for the behavior of 

adnis and their componion anti-adnis, one may reproduce the calculations 

18 

of Born and Wolf (p. 282, their Fig. 7.21). Here, however, one has to 
take into consideration that at the surfaces of separation (front face and 
rear face) of the plate, the phase shifts on reflection of the adni and 
anti-adni are the same. Using Born and Wolf’s notations, one obtains 
bright fringes when : 

Z vi 1 K cos ; n* =. ^ ^ ^- (3.5) 

and dark fringes when 

Z «* K cosfi \=r W > /VM = °) b Z J ‘ (3.6) 


or for bright fringes 

2*' K cos®'± ~ , msOji z, 

and for dark fringes 


(3.5a) 


2, V\' U COS 8 vn *0 y 

2 * 


(3.6a) 


Eqs. (3.5a) and (3.6a) are the same as those (eqs (8a) and (8b)) of Born 
and Wolf, obtained using the classical Maxwell theory of light. Similar 
arguments may be advanced to explain the more complicated pattern of 
Newton’s rings. In particular, when a liquid of refractive index differing 
from those of the plate or the lens is interposed between them. 


3.3 Interference with Young’s slits . An adni being an indivisible 

entity should pass through a slit in its entirety. It is considered here 

that its companion anti-adni passes then through the other slit. The 

passage through the slits is best understood by considering Babinet’s 
19 

Principle 


This principle relates the diffraction of an electromagnetic field by 
a screen to the diffraction by a "complementary screen". A phase 
difference of -rr/2 between the two diffracted fields occurs. 


The "complementary screen" of a slit is a perfectly conducting strip 
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of the same geometrical form. At this screen the behavior of an adni and 
anti-adni are the same, they are reflected and undergo the same phase 
shift on reflection. At the slit, whereas each Fourier component of an 
adni undergoes a phase shift of *Tf/2 each Fourier component of the 
companion anti-adni undergoes a complementary phase-shift of — 'TT/2. Thus, 
the emerging adnis and their companion anti-adnis have now a total phase 
shift of'lf . 

Applying the usual interference considerations and bearing in mind 
the rules (R), one obtains the classical expression for the interference 
pattern. 

To justify the above statement that while an adni passes through one 

slit, its companion anti-adni passes through the other slit, one considers 

the following argument which avoids the introduction of information 

20 

travelling at velocities higher than the velocity of light. Tetrode and 

21 

Wheeler and Feynman have considered the relation between a source and an 
absorber. Their findings may be summarized concisely as follows "The 
absorber is an essential element in the mechanism of radiation". 

22 

This concept was applied within the framework of SED to experiments 
of the EPR-type. It was considered there that the information about the 
absorber (the entirety of the receiver in these experiments) is furnished 
to the source of radiation by the ZPF. In the case of Young’s slits, the 
information about these is conveyed to the source by the ZPF. 

3.4 The Clauser type experiment . Considering the essence of such 
experiments, as presented in the Introduction above, their explanation in 
terms of adnis+anti-adnis is quite simple. At the beam-splitter an adni is 
reflected or transmitted. The event is random, the probability being 1/2 
for reflection and 1/2 for transmission. The companion anti-adni is then 
either transmitted or reflected. The adni, since it carries positive 
energy, can extract an electron from the photo-cathode of the 
photo-multiplier and, thus can be detected ; whereas the anti-adni 
received on the photo-cathode of the other photo-multiplier, since it 
carries a negative energy, cannot extract electrons and is not detected. 
Hence the non-observation of coincidences between the two photo¬ 
multipliers . 

3.4 A combined experiment . Consider now an experiment which combines 
those described in 3.2, 3.3 and 3.4 as depicted in Figure 1. 
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The source S emits individual quanta of light, so that at any time 
only one such quantum is present in the instrument. BS^ and BS^ are 50-50% 
beam splitters. and are mirrors. The two "receivers" are -a Young 
slits interference arrangement and is a plane parallel plate 
interference set-up. The Young slits arrangement has an extra plate p 
which ensures that beam N°1 passes through slit N°1 and, correspondingly, 
beam N°2 passes through slit N°2. The optical paths of both beams are 
equal. 


The analysis of this experiment within the frameworks of the three 
theories, viz: the photon picture, the classical e.m. wave theory and the 
adni+anti-adni picture, yield the same result, i.e. interference patterns 
should be observed on both screens IS^ and 

4 - DISCUSSION 

In the framework of SED it appears quite appropriate to envisage the 
concept of an adni and its companion anti-adni. Since in this theory the 
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energy of a wave packet emitted by an atom is supplied directly, or 
through intervening processes, by the ZPF. Thus, to a wave-packet of 
positive energy, which is ultimately abstracted from the ZPF - an adni - 
corresponds a wave-packet of negative energy - the anti-adni - a "hole" in 
the energy of the ZPF. 

Using the adni+anti-adni concept the results of a variety of optical 
experiments can be explained without the use of the photon concept. In 
particular, experiments of the Clauser type, which were designed to 
demonstrate the indispensability of the photon concept, are also accounted 
for. 


Moreover, the adni+anti-adni concept sheds new light on the mechanism 
of operation of such objects as the beam-splitter. 

The analysis of the combined experiment of 3.5 shows that the 
direct detection of an anti-adni is not feasible when using the usual 
optical phenomena, such as beam splitting and interferences. 

The direct detection of an anti-adni necessitates the use of a new 
"detector". In Annex III, the essentials of an experiment, using an as yet 
unknown detector, is proposed. 

Recently, several papers appeared where "ghost waves" were considered 

23 

and experiments for their detection were proposed . Here, a somewhat 

different point of view is adopted. Roughly speaking, the "ghost waves" 

23 

considered in Ref. would be identified here with the anti-adni 
wave-packet, although their detection is somewhat different. 

Finally, the questions put in the title of this paper may be answered 
by the negative, at least for the experiments considered. 

Note 


After this paper was completed the attention of the author was called 
to the paper by P. Grangier, G. Roger and A. Aspect, Europhysics Lett. 
_1(4) 173 (1986) where the results of a most beautiful experiment on photon 
anti-correlation effect on a beam splitter are given. These results 
confirm and amplify those of Clauser 1 s. 
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ANNEX I 


Consider the classical case where a continuous incident complementary 
wave EH in the optical medium n^ is falling on interface xOy of a second 
medium n^. The transmitted wave is E^H^ and the reflected wave is as 
depicted in Figure Al. 



FIGURE Al 

Both media have permeabilities j . The continuity of the 

tangential component of E at the interface requires 

E-E 2 = E x (Al.l) 

at any given time and at any given point on the surface. Similarly, the 
continuity of the tangential component of H requires that 


V + n i E 2 " n 2 E l 

from eqs. (Al.l) and (A1.2) one obtains 



(Al.2) 


(A1.3) 
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(A1.4) 


(A1.5) 


(A1.6) 


The reflectivity R is then 


(n-1) 2 

R = E^/E 2 = - 

(n+1) 2 

and the transmissivity T is 


4n 

T = nE 2 /E 2 = - 

(n+1) 2 


(A1.7) 


(A1.8) 


If one replaces n by 1/n, the reflectivity R of eq (A1.7) remains 
unchanged, i.e. the ratio of the reflected energy to the incident energy 
is the same whether the incident wave crosses the interface from n^ to n ^ 
or from n^ to n^. It is also the same as for the usual retarded wave (this 
is also true for T of eq. (A1.8)). A notable difference between the 
complementary and the usual retarded wave is that the phase change which 
occurs on reflection at the interface is 0 or ir for the complementary 
wave, whereas it is X\ or 0 for the usual retarded wave, when n 2 >n^ or 
n 1 >n 2 * 

Using the above considerations and the ensemble of rules (R), one can 
obtain the interference patterns of the various cases considered. 


ANNEX II 


A beam-splitter has the same effect on adnis, anti-adnis as on 
photons, viz: adnis are either reflected or transmitted: the reflection or 
the transmission are random events with respective probabilities 1/2. 
Moreover, a beam splitter dissociates the pair adni+anti-adni, so that an 
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adni is reflected while its companion anti-adni is transmitted, and 
vice-versa. 


The purpose of this Annex is to propose a model accounting for this 
non linear behavior of a beam splitter. 

Various types of beam-splitters are used ; consider those made of a 
thin metallic film deposited on a transparent substratum. If the light is 
to be transmitted through the film its thickness should be smaller than 
the corresponding skin-depth. If the thin film had the conductivity of 
bulk metal, say for aluminium, the skin-depth would be of the order of 
30 A. In general, films of such thicknesses, if not deposited according to 
a definite procedure or not submitted to a special heat treatment, do not 
possess the properties of bulk metal. In fact, the thickness of films used 
as beam-splitters is of an order of magnitude higher than that cited above 
and have properties more akin to thse of semi-conductors than to those of 
metals. 

24 

For such thin films, experiments show that large deviations from 
Ohm's law occur when an electric field higher than a few volts.cm ^ is 
applied ■ parallel to the surface of the film. One finds that the 
longitudinal conductivity of the film decreases with increasing applied 
field. 


Considering eq. (2.7), one may write that the electric field E due 

z 

to the ZPF applied along the surface of the thin film at some instant t is 


EL - 1 K W* v* 

sir " c* 


(A2.1) 


This value of will be considered in conjunction with E ^ , the 

value of the electric field of an adni of frequency V c and band-width AV. 

For example 6.10^ s ^ and &V = 3.10^s ^ (corresponding to A^= 

5.000 A and frA = 0.25 A), and considering the same band-width for the ZPF 

at , one obtains E « 700 Vcm . At such high fields, one may assume 

that complete "saturation" occurs, i.e. the resultant electric current 

remains practically constant when a small extra applied field is added or 

substracted from this value E . This extra applied field E y , due to 

Z 5 • 

the above adni, according to eq. (2.9) is 1.8x10 times smaller than E , 

z 
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hence 


Ej, 9 = 4* io" 5 V.CrvC 1 

At any point on the thin film, since the ZPF is random, the 
orientation of E will be random in nr around this point. In view of the 
large ratio E /gy the component E . of E along the direction of E v 
will be large as compared to Ey^ , excepting for two small angles lying 
symmetrically around the directions of + I*/2 and — “IT/ 2 with respect to the 
direction of . 


tr ■ 

Summarizing, one may conclude that Ey is either parallel or anti- 


4 

parallel to a large component E 




of the ZPF. In view of the saturation 


effect considered above, when E 0 is parallel to E„ . the addition of the 

y o zv 0 

small quantity Ey^ to E has no noticeable effect on the existing 

conditions of the thin film and the adni, depicted by E^ , is 

transmitted. When £y is anti-parallel to E the (adni T s) electric field 

is cancelled. However, the subtraction of a small quantity Ey from E^y 

has no noticeable effect on the conditions of the thin film. The fact that 

Ey^ was cancelled on the thin film is tantamount to the reflection of the 

adni. Since the direction E is random, reflection and transmission of 

z 

adnis are random events with respective probabilities of 1/2. 


For anti-adnis, since on the thin film the direction of the 
corresponding Ey is opposite of that of the adni, they will be 

0 

transmitted when adnis are reflected and reflected when adnis are 
transmitted. 


This is the description of the ideal 50-50% beam-splitter for normal 
incidence. It requires a perfect isotropy, electrical conduction-wise, of 
the thin metallic film as well as the requested non linearity of its 
conductivity. Under these conditions the beam-splitter has a reflectivity 
and transmissivity of 1/2 and it dissociates all adnis from their 
companion anti-adnis. 

If, however, the condition of isotropy was not satisfied, as for 
example for thinner films, the transmissivity along the directions of high 
electrical resistivity will be higher and adnis as well as their companion 
anti-adnis will be preferably transmitted. Likewise, higher conductivity, 
eventually along preferred directions, will improve the reflectivity of 
the beam-splitter for both adnis and their companion anti-adnis. For such 
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beam-splitters the separability of adnis from their anti-adnis is not 
complete. 


The mechanism of beam splitting described above applies only when 
<< E^, it applies in the case of a unique pair adni+anti-adni. 

However, for the usual optical source intensities the conditions E^ <<E 

v o z 

is not satisfied. Thus, for the usual source intensities in the 

18 

Mach-Zehnder interferometer the zeroeth fringe is bright, whereas for a 
unique (at any time in the instrument) adni+anti-adni this fringe is dark. 


ANNEX III 

Once the concept of adni+anti-adni is accepted it becomes quite 
natural to try and show their existence experimentally, particularly that 
of the anti-adni. The essentials of a simple layout of a proposed 
experiment are given in Figure A.3 



FIGURE A3 


One recognizes the schematics of the Clauser type experiment, where 
in the transmit branch a special device, unknown yet, the OST (Oscillator 
Stop Tube) is inserted. The OST oscillates permanently unless it receives 
at its input an anti-adni, when it stops oscillating and sends an optical 
signal to 
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The succession of events is then as follows: when an adni is 
reflected by a beam-splitter BS it is received by photo-multiplier 
while the anti-adni is transmitted and is received by the OST, as a 
consequence an optical signal is received by photo-multiplier P^. One 
observes a coincidence between the two photo-multipliers P^ and P^. In the 
case of the complementary event, viz: when the anti-adni is reflected at 
BS and the adni is transmitted, no signals are delivered by P^ and P^. 

Another possibility would be to replace the OST by an "anti-adni 
multiplier", which is a photo-multiplier where the potential of the first 
dynode is negative with respect of the cathode. All the other dynodes have 
the same potentials as the usual photo-multiplier f s. Probably, the nature 
of the cathode and of the first dynode should be chosen for the best 
efficiency. 

Based on the remarks of Annex II and those of 3.3 a less 
straightforward proof of the existence of the couple adni+anti-adni may be 
obtained with the following experiment. 

A Young slits arrangement is set along the reflected or the 
transmitted beam of a beam-splitter. If the separation, by the beam¬ 
splitter, of adnis and their corresponding anti-adnis were complete, no 
interference fringes behind the slits should be observed. However, due to 
fluctuations interference fringes will occur but their visibility will 
necessitate a longer exposure time than that required when the beam¬ 
splitter is removed. 
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BEYOND QUANTUM MECHANICS USING THE SUBVAC 
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ABSTRACT 

Quantum Mechanics (QM), despite its well known many successes, meets 
with difficulties, some of which are insurmountable. This requires that 
QM be reconsidered and rebuilt on a new physical basis. For this purpose 
we start from the hypothesis of a material carrier of the electromagnetic 
field, which we name Subvac. Owing to its fluctuations, a microparticle 
(an electron for instance) will need a probabilistic description by a 

function w>0. We find that the function F(x,y,z,t), with |F|^ = w, 
satisfies the Schrodinger equation. In this way all of the mathematical 
formalism of QM is retrieved. The analysis further shows that QM must be 
generalized as a nonlinear theory. Hence, we propose and discuss a 
generalized nonlinear Schrodinger equation, which is given here in the 
most general form for many-particle problems. 


INTRODUCTION 

I would like to express my satisfaction that, in my opinion, this 
very important Conference is not dedicated to general questions of which 
quantum mecanics (QM) is abundant, but to the basic question: Are there 
experimental violations of the QM predictions or there are no such ones? 
In the second case no problem exists. In the first case, QM must be re¬ 
vised, and such a revision can only be a fundamental one since QM is a 
fundamental theory. 

The basic criterion here would be, naturally, the agreement with the 
corresponding experiment. The QM development from its beginning has im¬ 
posed upon physicists the conviction that it always explains the 
experiments correctly. But recently it has appeared that, while in one 
category of phenomena concerning ensembles of microparticles with small 
densities p and high velocities v, the QM description is correct, it 
seems that for large p and low v a clear divergence exists between theory 
and experiment. Let us consider as an example the known case of the 
electron microscope: a homogenous beam of electrons with the same 
velocity v and space charge p, when dispersed on some object in a 
corresponding electromagnetic field, gives on a screen an image of the 
object that is similar to it and magnified. The theory used here is in 
fact the classical theory of the optical microscope in the geometrical 
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optic approximation. Otherwise, the wave function ¥, which is a solution 
of the one-particle Schrodinger equation (SE), is the same 
(semiclassical) approximation. But if now, one keeps the accelerating 
potential constant, i.e. the same V, and if one lets p grow, then the 
image will be deformed; with increasing p it will no longer resemble the 
object. 

This deformation is not interesting, even boring for the 
experimentalist, but in reality it exists and it may become interesting 
at times (in principle, it is always interesting for a physicist, who 
must know how to describe it). But does it follow from the known SE? 

Not at all. It is connected with the complicated many-particle problem 
for the electrons in the beam, and one has to take into account the 
interaction between them, which was neglected thus far. Nor does this 
involve the many-particles SE. It appears here as a nonlinear problem 
and, when taken into account, changes the SE to a nonlinear one, i.e. it 
leads to the basic modification in QM. As we shall show below, the 
nonlinearity is imposed in each case on particles treated by the 
corresponding linear Schrodinger equation (LSE). 

I. Linear Quantum Mechanics 


QM, as well as its mathematical formalism, are well known to all of 
us. But it is known as well that there is no unanimous understanding of 

some of its basic statements, and this leads to many difficulties . For 
this reason, allow me to restate some of its results that are necessary 
for the following exposition, naturally, from my own point of view. 

The historical onset of QM is based on two great ideas: (1) a wave 
associated to every microparticle, and (2) a matrix associated with every 
parameter of the microparticle. So far there is no generally accepted 
opinion on, or some model for, the physical sense of these two notions, 
but there is agreement that they give a correct probabilistic description 
of the behaviour of the particle. It turns out that the lines of thought 
following the two initial ideas produce an identical mathematical 
apparatus: the known linear mathematical formalism of QM. The last one 
was formulated by von Neumann as a strict system of hypotheses, axioms 
and a scheme for calculations, for which one prescribes absolute 
mathematical rigour. In general, its physical interpretation follows the 
Copenhagen interpretation of QM. It contains as well the known von 
Neumann theorem forbidding the introduction of "hidden parameters" in 
QM. 


A central feature in the mathematical apparatus of QM is the 
Schrodinger equation (SE), or the linear Schrodinger equation (LSE), for 
the wave function ¥. For the one-particle problem (HMY (x,y,z,t)) one 
has: 

HY = iH(3Y/3t) (1) 

The continuity equations for the probability density p and the current 
density J are: 

+ div J = 0, p = W, J = ^ (t* V>P- fV?*) (2) 

If the potential is constant, the solution of (1) is the plane wave: 

= C exp i(&»r-u>t). (3) 
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This is the simplest case of a continuous spectrum. As in all cases of a 
continuous spectrum, here and for the many-particle SE, it produces 
insurmountable difficulties. So, normalizing ¥' to unity in some volume 
v Q = b“ 2 , it follows that the wave ¥ f corresponds to particles with a 

constant average density p = V^ 1 , namely to an infinite number of 

particles of mass m in all space, which is obviously absurd. This is an 
expression of the fact that the function ip f is not normalizable. 

Let us take as a model of a many-particle SE, an atom A with n 
electrons, M^(X^,Y^,Z^)(i = l,2,...,n) and nucleus M Q (X 0 ,Y Q ,Z Q ). The 

corresponding SE for n+1 particles with wave function ¥(xp•••,z n ,t) can 

be suitably written using the Jacobi coordinates £, r|, £. Let us denote 

by P 1 (5 1 ,n 1 ,C 1 ) the vector Mj M 2 , by P 2 (^2» n 2» ^ t ) the vector g i M 3 ( G i 
is the mass center of points M,, M~), and so on until p i, where G , - 
G l(X,Y,Z). Here 

k k n n 

£ k = » \=..» ? k =..» x = k = l,..,n-l (4) 

The variables are separated with (4) and one has 

¥ - ♦(X,Y,Z,t)X(5 1 , ... , C n , t), <(> = C exp i(k x X+k y Y+k z Z- 0 )t). ( 5 ) 

The plane wave (5) describes a uniform movement of the m.c.G. After 
the interpretation given above the function <J> describes an infinite 
number of points as G in all the space (which is an evident paradox) or 
in some corresponding closed final domain with volume V, containing N f 

particles as G, with constant average space density p = |C| = N f /V, 

average constant velocity v, and average specific volume V Q = 1/p Q = 

V/N f . Consider the abstract picture, where the randomly distributed 

points G with density p are replaced with regularly arranged points G at 

the sites of a cubic crystal lattice, of the same density p. Then the 
edge of the elementary cube (the distance between one point G and its 

nearest neighbours) will be i = Vv q = Vv/N f . We shall use this 
abstract scheme in III. 

It is known that QM does not define its object, say an electron, 

from the very beginning. Although it must be so, the strict mathematical 

formalism is applied to it as to some known object. But as for the 

natural question as to whether or not the object is localizable in the 

space-time, as for a classical particle, the answer of QM seems to be 

"no". But if a categorical answer with "yes" or "no" is required, the 

answer of the followers of the Copenhagen interpretation is in general "I 

9 

do not know". So honestly it is given for instance by Feynmann • 

On the other hand, it is claimed that, because of the Correspondence 
Principle, QM in the classical approximation becomes classical mechanics. 
But there is no strict mathematical proof of it (for instance, letting 
Planck 1 s constant h 0, or letting the mass m -*■ °°). (I consider that 
there is no such transition.) However, QM does not impose any limitation 
on the mass of its objects; hence, even for m -*■ °°, QM will not become a 
classical theory, although the mass will then be that of a macro-object. 

These and other difficulties clearly show that changes must be 
introduced in QM, and certainly some limitations must be imposed on its 
mathematical formalism as well. However QM, when the physical aspect is 
not clear and its mathematical formalism is a unique system, will not 
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support some isolated corrections. The necessary changes will certainly 
turn out to be profound. So, it will not contradict the constraint 
contained in the von Neumann theorem (even if it agrees with the author f s 
view for such a case). Likewise, this will not affect at all the great 
merits of today f s QM. On the contrary, it will be thus raised to a 
higher stage. This is the conception on the problem which I would like 
to expose here. 

II. A new viewpoint 


My fundamental idea in reconsidering QM is based on two basic 
hypotheses: 

1. All the objects in nature, in the micro and in the macro-world, 
can be described in space-time, i.e. one can use space-time models for 
them. (This is practically the opinion of many physicists.) 

2. The electromagnetic field has a material carrier which we have 
called the subvac ( subs tance of the vacu um). A similar notion (the 
ether) has played some role in the history of physics and, no doubt, a 
positive role during the formation of the Faraday-Maxwell conceptions. 
Later, Special Relativity (SR) rejected it, replacing it by the notion of 
field. The field is an important notion in today f s physics and has 
well-defined mathematical and formal physical properties. In previous 

3- 7 

works we have shown that such a material carrier is quite compatible 
with SR and especially with the Lorentz transformations, if one 
introduces some changes in its physical interpretation. The subvac 
hypothesis turns out to be fruitful elsewhere as well: for instance in 

6 7 

the study of electron structure 0 and in the notion of Planck T s quantum • 

We assume that the subvac has a discrete structure, namely that it 
is composed of sub-particles AS (Atoms of the jSubvac, a conditional 
name). The AS have a discrete structure generally unknown until now. 

They possess a micro-electromagnetic field (EF) represented by two 
-y -y 

vectors e 0 ,h Q which have a random distribution in each finite domain. If 

they are arranged by some external EF, a macro EF will be created. The 
subvac possesses a fluctuation as well. Because of this fluctuation, the 
interaction of each charged particle (for example an electron) with the 
subvac will have both classical and random behaviour, which could be 
described by some probabilistic function w(r,t)>0. In a step-by-step 

2 

study one shows that the function F, where |F| = w, satisfies a 

differential equation very similar to the LSE; to note the difference we 
shall name it a Probability SE (PSE). The function F describes the 
electron macrodistribution in the space, w being proportional to the 
relative electron time of residence At/T in each volume AV which is a 
part of the volume V. But, if one considers an ensemble of N electrons 
in volume V, having a similar movement, then for their relative average 
number in At, namely AN/N, one admits the equality w = At/T = AN/N, 
(reminiscent of the Ergodic Hypothesis in classical statistical physics). 
Hence, the probability equation (evidently the LSE as well) will describe 
both the stochastic movement of every electron and the statistical 
distribution of the same ensemble of electrons. 

About the electron, we accept that there is in it, thanks to its 
inner structure, some oscillation process of frequency V. Because of the 
electron-subvac interaction, an oscillation process will be created in 
some domain a around the electron of frequency v f , depending on its 
velocity v. These two processes will certainly become weaker with 
increasing distance from the electron. This phenomenon could be 
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schematically written as a stationary wave <K ) > where the waves i|> + , 

propagate radially in opposite directions (outward and inward). When 

the electron passes in the proximity of some other object and the domain 
a touches the last one, the wave cf> in it will be influenced and changed. 
This will give a supplementary force which acts on the electron, and 
affects its movement. Hence, the electron, thanks to the wave (j) which 
accompanies it, will "know" of the existence of other objects in its 
vicinity and will "take them into account". This will have some 
reflection on the final probability position distribution in space. This 
model simply explains one of the basic difficulties in QM interpretation: 
the Young experiment, in which one observes electron beam interference 
through one or two slits. Each electron considered as noninteracting 
with its neighbours is, by itself, responsible for the probability 
picture corresponding to the function w (a stochastic process). Of 
course, every real experiment is always connected with a multitude of 
particles (an electron beam), considered without mutual interactions. 
Thus, the statistical distribution N(r) on a screen will present the same 
picture as the stochastic distribution w(r). 


One can extract from the last hypothesis, and the picture which 
follows from it, many general qualitative consequences conserving QM, 
where there exists ah analogy between the probability function F and the 
wave function 'F. Soiiie examples are: reflection of a particle on a wall, 
passage through a potential barrier, diffraction and interference 
phenomena, and so on^. Similarly, if the particle of mass m grows and 
becomes macroscopic, then the effect of the vacuum fluctuations on it 
will be insignificant, and its movement passes from quantum to classical. 
(Passage from QM to classical mechanics). 


After these qualitative deductions from the new viewpoint, let us 
move to quantitative ones. After specifying all the conditions which 
must be imposed on the one-particle probability function F, for which 

|F| Z = w, the considerations lead to the result that F satisfies the 
linear differential equation: 


HF = ih(3F/3t), Hf = Ef, (F=f exp(-iEt/ft) 


( 6 ) 


where the second equation is the amplitude probability equation. At 
first sight, the first equation coincides with SE, without being 
identical to it, because some limitations are imposed on it according to 
the physical ideas used in its formulation. These are: 

1) The equation (6) is always defined in a finite space domain of 
volume V, an arbitrary but limited one. This makes the spectrum of the 
amplitude equation in (6) always discrete. Besides, it is divided into 
two domains: in one of them the spectral lines have a relatively large 
density in comparison with the other. When the volume V grows and 
occupies all the space, equation (6) becomes identical to LSE and the two 
domains in question will coincide in accordance with the domains of the 
continuous and the discrete spectra of SE. 

2) One imposes a limitation on the electron velocity by the 
inequality v > v Q >0. This excludes from consideration a Brownian 

electron movement. 

3) The case of macroscopic mass of the particle is excluded, i.e. 
equation (6) is valid for microparticles only. Outside of these 
limitations equation (6) is identical to SE. 
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The above results are generalized in a natural way to the n-particle 
probability equation and to the entire mathematical formalism of QM. 

Here we shall make more precise one question that is important for 
QM, but not clearly defined and thereby leading to many misunderstandings 
namely the particle-ensemble relation. There is a widespread understand¬ 
ing that, when we speak of the one-particle SE, what we really mean is 
one unique particle; for instance one electron described by this 
equation, and similarly by the n-particle SE (such as an atom with n-1 
electrons). This understanding comes from classical mechanics, where the 
equation of motion for n-particles really describes n-particles. In 
fact, the name of n-particle SE stands for the existence of a large 
ensemble of N particles (N = 00 in QM). This ensemble can be considered 
as a multitude of identical systems, S, of particles with the same 
average space density, where one takes into account the interactions in 
each system but neglects the interactions between the different systems. 
(This corresponds to the tacit assumption that the average distance 
between the systems is large in comparison with their average sizes). 
Hence, the designation of n-particle SE (n = 1,2,... << N) is only a 
conditional designation. Of course, the limit N 00 does not have a 
physical sense (in reality N is always finite, but this requirement 
cannot be introduced in the actual QM without a fundamental change in 
it). Hence, it must enter in it by its formulation simultaneously with 
some other limitations mentioned above. 

The above considerations explain the problem for particle-system of 
particles-ensemble , connected with LSE. If one does not take into 
account all the interactions in the ensemble, then the above 
considerations will be incomplete, i.e. they will explain the experiment 
only in an approximate way. The introduction of the interactions 
mentioned above in the probability equation (i.e. in LSE) extends these 
equations to a nonlinear form, which we shall make further on. 

Starting from the last explanation one can divide the phenomena 
treated by the many-particle SE in two parts according to whether or not 
one takes into account the interactions between the systems in the 
ensemble of particles (without a strict limit between them): 

1. The LSE explains the experiment in the following cases. 

a) . If in a limited volume V one has an ensemble of N particles (Nj 
systems (atoms) containing n particles where N = nN^), then, for small 
densities p, the linear atomic spectra are well described by QM as 
independent of p. 

b) If an average N = nNj, n-particles with small p and large 
velocities v, for instance an electron beam enter an aperture and go out 
of the volume V (a stationary case), then the interference picture is 
well explained as independent of p. 

2. This is also the case as in the preceding examples when the in¬ 
teractions between the systems cannot be neglected. In case b) with an 
electron beam, n = 1, if the velocity v is small and p is large, then the 
beam dilates and deforms in general, but according to LSE it is 
invariable here. If the system is made up of hydrogen atoms (n = 2) in 
case (b) the spectral atom lines dilate, which does not follow from LSE. 
In case of a solid body (or crystal) one usually starts from LSE written 
for all the particles N in the crystal (often putting N = °°). Then the 
estimation of all the interactions here is not made in a correct way, and 
the corresponding LSE is treated by improper operations such as: omit¬ 
ting many members, localizing the nuclei, following an arbitrary scheme 
of arrangements of them etc. It is known that some good results are 
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found this way, but the logic of LSE is certainly violated. Here it is 
necessary to take into account nonlinear effects. The nonlinear general¬ 
ized SE proposed below treats the last problems with more logic and bet¬ 
ter grounded approximations, but the calculations are naturally more 
complicated, 

I must admit that, when thinking over the proposed schemes, I am 
astonished that people who are interested in fundamental problems of QM 
only direct their efforts to the cases of point 1, where SE holds; hence, 
it is difficult to find weak points there, while under point 2 (with 
examples from the many-particle problem), SE is not sufficient and gives 
reason for a revision of QM, I think that it is correct and necessary to 
focus the attention of physicists on the cases under point 2, 

III, Nonlinear Generalization 


Let us return to the problem of generalizing the SE, Let us examine 
the case of a dense beam of electrons moving with uniform velocity v. 

Let it be incident upon a nontransparent unlimited plane screen, A 2 with 
a circular aperture a, and let it be absorbed on a second unlimited plane 
screen Bj parallel to A^, The diffraction effects are well described by 
classical wave optics as well as by QM, Obviously, this picture does not 
depend on the density of the incident electron beam, since SE is linear. 
Indeed, if the latter has a solution ¥, then the function ^ = A¥, in 
which A is an arbitrary constant, is also a solution. This should be 
true for arbitrary large values of |A|. (The zeros of the function ^ do 
not depend on |A|, and neither does the relative density of the electrons 
that have fallen on the screen B^). Experiments show, however, that the 
diameter of the electron beam increases behind screen and gets larger 
as Bj is moved further from A 1# 


Let F(X,Y,Z,t) be the probability function for an electron P(x,y,z) 
moving in an external potential field U°(x,y,z). The effect of all the 
other electrons on P can be taken into account by means of a supplementa¬ 
ry term U(x,y,z,t), which expresses the average Coulomb potential energy 
caused by the other electrons. We admit that in this case of free 
movement of the electrons, the function F will satisfy the following 
integro-differential nonlinear probability equation, which generalizes 


the linear Schrodinger one-particle equation 


3-5 


namely: 


af - — fu° + au)f = - -21 

jJl ti 3t 


U(r, t) = / 
V 


|F(r*,t)|^ dx* 


Ir - r’ | 


A = 


e 2 N Q , N 


/ I F| 2 d T 
V 


(7) 


The general idea of a nonlinear SE is considered in Ref, 10 and specific¬ 
ally for the one dimensional case in Ref, 11, (In other words, Eq (7) 
takes into account the interaction of the representative electron P with 
all the other electrons in the ensemble; this interaction is not present 
in the usual SE for the same case). The integrals in U and in N are 
carried out over the volume V between the two screens and they are always 
convergent. The continuity equation 3p/3t + divJ = 0 is immediately 
obtained from (7), 


For the stationary case (3U°/3t = 0), eq, (7) has an integral of the 
type F = f(x,y,z) exp(-itE/tl), whence we obtain the amplitude probability 
equation 


Af + 2a. ( E - U° - Mj) f = 0, U(r) 


•h 


= / 
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|f(r’)| z dx 1 
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In Eqs. (7) and (8), the parameter X = e N Q , where e is the electron 
charge, N Q is the average electron density p in the falling beam, and N 
is the average number of electrons in the volume V. 

Let the incident beam be characterized by the function f = A f • 

expi(kr-oit), |A ! | = N Q . Then N is given by the approximate formula N = 

pVcr Q (£/V) = w ^ ere ^ is t ^ ie distance between screens B If the 

origin, 0, is in cr, then the axis 0Z 1 A^, and the boundary conditions 
are: 

f(P) = f (P ff), f(P) = 0 (p (A r a)), (Z = 0) (9) 

Here one considers the inner sides of the boundary of the domain t as 
absolutely absorbant for the incident electrons, i.e. the values of the 
solution are not given there. This is an emission problem. So, the 
boundary condition (9) completely determines the solution of equation (8) 
in volume V. Equation (8) will determine an eigenvalue problem if the 
volume V is enclosed, for instance, by completely reflective walls (F = 0 
at the walls) and described by the initial condition F = F Q (X,Y,Z) for 
t = 0. 


The nonlinear equation (7) can be written in the usual form of the 
linear SE with a nonlinear Hamiltonian, 


HF - itl (3F/3t), H = H° + XU (10) 

U = / K(r, r’) L(r, r* ) F(x) dx’, K = Ir-r'f 1 , LF(r) = F x (r' )F( r' )F(r) 

The corresponding amplitude equation will be Hf = Ef (F = f exp(-iEt/h). 
The generalization to the two-particle equation (hydrogen atom) can be 

made by using the relative coordinate r T and the coordinate Tg of the 

mass center G. The motion of G Will be represented by a plane wave, 
determining an ensemble of points as G in all the space, as above. 

The many-particle problem for n + 1 particles, as shown by (5), can 

be schematized by an atom A with electrons (X^,Y^,Z^) (i = l,...,n) 

and a nucleon A Q (X 0 ,Y Q ,Z 0 ). The corresponding LSE for n + 1 particles 

can be treated in Jacobi coordinates as in eq. (4). According to eq. 

(5), its solution splits as ¥ = (J> . The plane wave <j> describes an 
ensemble of N 1 atoms A , p = 1,2,...N ! >> n, or systems S in uniform 

r r 

motion. They are represented by their mass enter Gp. Each particle 

(electron, nucleus) is defined by its vector r, S, starting from a fixed 
point 0. Thus, the nucleus M Q and the electrons °f atom A Q 

will be given by , r Qi (i = l, 2 ,...,n), and correspondingly by ^, r pi 

for Ap. Using the distribution scheme for points Gp at the vertices of a 

3 — 

cubic lattice, the distance between the nearest vertices will be 1 = /V 

3 - 

= /V/N*. The function itself can, in principle, be found by solving 
the corresponding LSE, for instance by the method of self-consistent 
fields. 

Let T°, U° be the corresponding kinetic, and potential (inner) energy 
of the atom A q : 
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with Hamiltonian H° = T° + U° (i = l,...,n; k = l,...,N f ). 

Let [r] be the set of all vectors r, and similarly for [it] • The 
total potential energy U of atom A Q will depend on the mutual 

interactions of its own electrons and nucleus, as well as on the 
interactions between the electrons and nucleus of A Q with the electrons 

and nuclei of the other atoms. If they are in an integral, then the r, it 

will be denoted by r f , • U° will be represented as 
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Here i = l,...,n; p = l,...,N f , nN f = N. L will be the nonlinear 
operator 


( 12 ) 


LF(r) = F*(r') F(r’) F(r) 


(13) 


Let F(r,t) = , F(r,t) be the wave function referring to atom A . 

Using (11), (12), and (13) we shall write the generalized nonlinear 
probability n-particle equation (generalized nonlinear n-particle SE) as 

{H° + X f u([r,S'] Ldt' } F(r,t) = ±h (14) 

8 t 

For the sake of convenience we introduced the parameter X (here X = 1) as 
a factor of the integral in (14). Obviously for X = 0 (or otherwise 
rejecting the nonlinear term), equation (14) will pass into the usual LSE 
in its usual form, for atom A Q . 

Equation (14) is obviously not easy to solve. A basic method, 
although formal in the beginning, is to expand the function ¥ in a power 
series of X. But, although equation (14) for atom A Q contains all of the 

Ap atoms numbering N f , the principal contribution will be given by its 

nearest neighbours, as the general Coulomb potential created by each atom 
A will decrease exponentially with distance. So we shall have the 

ir 

greatest simplification for equation (14) if we retain the sum (14) only 
atom A 19 nearest to A Q . Then, using the total sum, as above, equation 

(14) will mainly describe the variation in the A Q spectrum, namely its 

expansion, as a function of the atom density p (an experimental fact). 


Here the following question arises in a natural way. Consider for 
simplicity only atom A Q and its nearest neighbour. The latter acts on A Q 

as a perturbation, as the potential created by its averaged, and it can 
provoke in A Q some deformation, but not a fundamental change. But, to 

create a molecule A^j^ from atoms A Q , Aj^ (which is not excluded 

theoretically), the electrons and the nuclei of A q and A ^ must play the 

same role in the molecule (A Q , Aj). Hence, here we must directly treat 

a molecule made from 2 nuclei and n electrons. Following the preceding 
logic, we shall write for the molecule AqAj^ an equation like (14) with 
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2 +2n particles, where the molecules that are neighbours of A Q A 1 will act 
on it as a perturbation, as by the atoms in equation (14). 

An objection raised to the generalized nonlinear SE (GSE) is that it 
is essentially equivalent to the Hartree equations resulting from the 
self-consistent fields. This is, however, only an apparent resemblance 
because of the similarity of the integral terms. These are, however, 
completely different things. The GSE (9) (n = 1) without the integral 
term is identical to the one-particle SE, but in this case, a 
corresponding Hartree equation does not exist. In the general case, the 
Hartree equations for n particles are given as an approximation to the 
n-particle LSE (although this is not precise), while the same LSE is 
generalized by supplementary terms to become GSE (14). Moreover the 
physical ideas contained in the Hartree equation and GSE are completely 
different. 

A second and more fundamental objection was raised; the GSE is not a 
novelty in QM, and it certainly follows from its mathematical apparatus, 
probably by some averaging over the n-particle SE. This, however, is not 
true. Indeed, let us assume that the GSE (14) follows from LSE for some 
fixed number of particles N' found in some way. But, according to such 
an equation, and because of the current formula (2), the number of 
particles (electrons) falling on the second screen Bj, for time t is 
N t = a* t (a* is a constant); if the number N t increases without limit 

with t, then N t >> N. So, one cannot find the necessary number N" to 

write the necessary LSE. 

Finally, we state that the GSE proposed here is not some consequence 
from the apparatus of QM, but it is a new postulate . Therefore, every 
experiment for a precise check on this equation may become a crucial 
experiment. 


CONCLUSION 

The problem of the physical interpretation of QM is obviously of 
greatest importance, although it has been, in fact, neglected for many 
years. The widespread point of view here were the ideas of the 
Copenhagen school. They place the responsibility of existence of the 
unusual new regularities in the microworld on the observer’s intervention 
and his experiment. Many physicists, including some of the creators of 
QM, provided new explanations, but they remained isolated in general. 
Besides, for a long period of time, proposals to revise QM were met 
coldly, even negatively. On the other hand, the mathematical apparatus 
of QM was supported by experiments in an enormous number of cases, and 
this consolidated among physicists the conviction that this will always 
take place. So they lost interest in the problem of the physical essence 
hidden behind the formulae. But, with time, on the one hand the weak 
logical points in QM are pressing to be explained and, on the other hand, 
experiments clearly show that, in many cases, the actual interpretation 
of QM is powerless to deal with them. 

We are convinced that a basic reinterpretation of QM is necessary 
and unavoidable. This is important, not only for a clarification of its 
weak points, but also for Quantum Field Theory, whose physical basis is 
QM itself. Perhaps, then its famous divergences will be attacked 
succesfully. We think it is an important task for the physicists - 
experimentalists and theorists - to direct their efforts to surmount the 
disagreement between experiment and theory, especially for many cases of 
the many-particle problem. Besides, the finding that the observer’s 
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role, so strongly underlined by the one-particle problem in the beginning 
of QM, fades here and disappears before the complicated objective 
regularities of the many-particle problem. On the other hand, the notion 
of experiment itself, whose sense is rather undefined in QM, acquires 
here an unusual reality independent of the observer. 

The above considerations provided for these questions show that it 
is necessary to take a realistic, firm stand on the fundamental notions 
of QM, and to expand the nonlinear apparatus of QM while recovering the 
known linear apparatus as a limiting case. From here it is of great 
importance to plan and carry out many experiments where LSE ceases to be 
true. We think that the significance of such experiments goes beyond the 
limits of QM; thus it is most desirable that they should be realized and 
well-interpreted. 
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DISCUSSION IV. 


Compiled and interpreted by D.W. Kraft and E. Panarella 


Panarella. What rotation velocity does Phipps envisage as necessary for 
detecting the experimental effect he described? 

Phipps . My numerical example employed 10“^ c; you can't get too many 
orders of magnitude higher than that without centrifugal force pulling 
the device appart. 

Panarella . What about the vacuum requirement? 

Phipps . If one tries to work in a dispersive medium such as air, one 
quickly gets into conceptual problems about signal vs. energy transport 
vs. phase velocity; all of this is merely for phase velocity, so I wanted 
a good vacuum to relieve the conceptual problems in that area. 

Panarella . Will phase shifts be detected by fringe shifts? 

Phipps. No. I was envisioning a time resolution, i.e. one had to see a 
very sharp distinction in the response time of the two photodetectors. 

In the example I considered, I took 10”^ sec, and that called for a long 
vacuum chamber. If you can reduce it to 10” sec, then you can shorten 
the vacuum chamber by a factor of 10. I think the photodetector response 
time is more limiting than the flash modulation of the source; I think we 
now have source modulations way below that. 

Edmonds . You have a mirror spinning at very high speed. What about 
motion at its center? 

Phipps . There is motion of second order, v 2 /c 2 . The degree of the tilt 
and therefore the movement of the reflection is of order v 2 /c 2 . For many 
purposes you can regard it as practically stationary. 

Edmonds . I also see problems with the mirror having nonuniform density 
(because of the high rotational speed), so that as you move away from the 
center, you are bouncing light off regions of greater density. Perhaps 
you don't accept special relativity, but you could use it to analyze the 
light bouncing off the mirror. I see this and other problems 
contributing subtle effects that could obscure the effect you are looking 
for. 

Phipps . Well, there is always a great gap between the actual experiment 
and the idealized thinking, the Gedanken experiment, that precedes it. 
Although the points you raise certanly should be considered, the basic 
question is whether it is worthwhile to attempt something of this sort; 
for that purpose, my rough order of magnitude calculations are sufficient 
to convince me that the answer is in the affirmative. 
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Edmonds. The detectors are flying around the edge of this wheel very 
fast, catching the photon. How do you get the information out of the 
fast-moving detectors and into the laboratory equipment? Do you have 
transmitters on there and are you concerned about the phase shifts of the 
radio waves that are sent to the lab? 

Phipps . I envision wires of equal length leading to the center and using 
slip rings where things are slower moving. 

It would be delightful to do the experiment without moving detec¬ 
tors. I considered treating a moving mirror as an absorber/re-emitter/ 
but that introduces a conceptual problem. With a photodetector/ you have 
a local process and there is a real completion of the quantum process. 

But with an extended surface such as a mirror/ you are possibly dealing 
with a nonlocal interaction with the whole surface. That may be so dif¬ 
ferent from the true final severing of the phase connection that occurs 
in a genuine localized photodetection that such attempts as doing the 
whole thing on a moving platform with mirrors may be actually missing the 
whole point. I am, in fact/ undecided as to exactly what a quantum de¬ 
tector is in the context of testing neo-Hertzian theory. I have pictured 
the field detector as a black box, but/ with radiation detection, when is 
the quantum process actually completed? We speak of absorption and re¬ 
emission of a mirror but if there are nonlocalized processes, then it is 
probably physically different from a true photodetector detection. Which 
am I speaking of? I don*t know. If the experiment were done with actual 
photodetectors and obtained a negative result, that would falsify the 
whole line of thought that I have provided here. But, if it were done 
with mirrors, and with photodetectors stationary in the lab, then I would 
consider the matter undecided. To me the crucial e^qperiment is of the 
general type that I described, where you actually go through the agony of 
moving a true photodetector. 

Selleri . In your reformulation of electromagnetic theory, a la Hertz, 
essentially you say that there is complete agreement with Maxwell theory 
as far as interactions between moving charges and the electromagnetic 
field is concerned. Now when you move your detector, I would think that 
the detector is a set of charges, for it must be to detect electromag¬ 
netic radiation. Therefore I cannot see why you should expect a differ¬ 
ence. 

Phipps . What difference is that? 

Selleri . The Maxwell and Hertz theories make the same predictions about 
the interaction of moving charges and electromagnetic fields. 

Phipps . The Maxwell and Hertz equations have field quantities as their 
dependent variables. I have to imagine that there are detectors giving 
operational meaning to these quantities in the equations. You are 
speaking of what amounts to test charges moving in external fields; to 
speak of what happens to these test charges, I have to speak of a force 

law. In order to state what the § is that appears in the Lorentz form of 

the force law, we have to imagine a S-meter having some general state of 

motion in our laboratory. In the particular case when the S-meter is at 
rest, we get the customary form of the Lorentz force law, but if it 
moves, as it would in the view of a differently traveling inertial obser- 
ver, then we obtain a force law in which the v in the v x B term is 
actually the relative velocity of the test charge and the field meter. 

The latter is a bit of matter that has a definite state of motion with 
respect to the test charge. This is a conceptual difference between the 
Hertz and Maxwell formulations, because the Maxwell-Lorentz theory has 
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this type of velocity which involves the relative motion of the test 
charge in a frame of reference; this is referred to by O'Rahilly in his 
book on electromagnetic theory as a "schesic" velocity. He devotes much 
discussion to the troubles of having to have such a velocity in the 
formulation in the laws of physics. In the Hertzian reformulation/ one 
gets away from that; that is, the only velocity appearing in a force law 
is the velocity between the field meter, one bit of matter, and another 
bit of matter which is the test electrical charge. Of course the two are 
identical in the special case that the field meter is at rest in the 
laboratory, for then the meter's state of motion is the same as that of 
the laboratory itself - this brings you back to Maxwell-Lorentz case. 

Buonomano . I would like to comment on Santos' remarks relating to 
memory, by summarizing some results that I published a few years ago. 

Bell's inequality is usually derived under the assumption that 
consecutive photon pairs are independent. In a real ejqperiment, photon 
pairs follow each other and one could validly imagine that there is some 
sort of memory effect. For example, one can imagine emission events with 
consecutive emissions depending on one another, or imagine a memory in 
the polarizer so that successive photons see a different polarizer. We 
may imagine similar memory effects in the detector. If you take an 
average over a single experimental run, i.e. many particles consecutively 
following each other, then you can have agreement with quantum mechanics. 
Actually if you use just four experimental runs, then one can invent 
theories that agree with quantum mechanics and disagree with Bell. But 
if you average over all possible experimental runs, then even these 
theories must agree with Bell's inequality. If you average over all 
possible time averages, to disagree with Bell, you still must imagine 
that the polarizers affect the source or each other. I don't know how 
this relates to real ejq>eriments; I imagine that in real experiments you 
do small numbers of time averages. 

Edmonds . If you let the system sit before you turn it on again, would 
the results after one week be different from those after one day? 

Buonomano . It depends on what is independent. What is repreparation of 
a state? Repreparation of a state is just the quantum mechanics way of 
saying that you have independent systems. To know whether you have 
independent situations presupposes that you understand the physics of the 
situation. 

Selleri . With this mechanism you can concretely show that Bell's 
inequality can be violated. 

Buonomano . Sure. You can do it with four individual, independent 
experimental runs. If you do it over an ensemble of independent runs, 
you must agree with Bell's inequality. Think of having many labs, each 
one doing an experimental run; if you average over all of these, then you 
have to agree with Bell's inequality. 

Panarella . I have a question for Kyprianidis in relation to the 
probability for effective photons to appear in low intensity laser beams. 
According to Quantum Potential Theory, such probability is ~10”^ for the 
parameters of my experiment. Since you asked me for more data concerning 
ionization phenomena, I have here a paper by de Brito (Can. J. Phys. 62, 
1010, 1984), where such data can be found. What strikes me, and indeed 
this is the question that I am going to put to you, is that sometimes de 
Brito, with a much larger probability of ionization than yours from his 
theory, is unable to get ionization. I wonder then if your own 
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probability of 10“ 3 ®, which justified the negative result of my 
experiment, will not lead to no ionization at all for all gases? 

Kyprianidis. The calculations that I presented referred to condition of 
focussed beams. For the values of the parameters of your experiment, I 
get a probability of photoelectric emission of ~10" 3 ^ or less. The 
result is intensity-independent. In other words if, with the same exper¬ 
imental apparatus that you have, you would increase the power density, 
the same result would be obtained. However, if one were able to change 

the gaussian parameter of the beam by /10 - 3, by better focussing the 
laser beam, then the probability would dramatically change to 10" 3 . 

Selleri . I would like to direct a comment to Santos. I agree completely 
with much of what Santos said, but there is one point on which I do not 
quite agree. Santos pointed out that twenty years have passed since the 
discovery of Bell's inequality, and in this interval no violation of 
quantum mechanics or of local realism have been found, and his conjecture 
is then that perhaps quantum theory is compatible with Einstein locality 
and we have still to understand how that is possible. I do not think 
that I agree with this. Also, from a historical point of view, it is 
quite true that it is twenty years since the discovery of Bell's 
inequality, but if we look at the real history of this problem, we find 
that it has always been surrounded by strong ideological pressures, a 
sort of smoke screen which has not allowed one to see clearly what the 
real problem was. This is a residue of the Copenhagen interpretation and 
that is why twenty years have passed, and perhaps another ten shall pass 
before we have a real solution of the problem. 

Pertinent experiments have been performed only one at a time, with 
years between one experiment and the next. Contrast this with elementary 
particle physics where an interesting problem would have been clarified 
within only three years. Instead, here it is difficult to find 
individuals willing to undertake such experiments, and the money required 
to support them. Then also there are some strange results which have not 
been investigated enough. For example, there are some strange features 
about circular polarization, and there is the problem of radiation 
trapping. If radiation trapping exists, and if it has the effect of 
lowering the correlation, then why is there agreement of experiment and 
theory? I don't understand how a wrong experiment which contains 
spurious effects can agree within forty standard deviations of the Bell 
limit, as reported by Aspect. But we know that radiation trapping is 
present in that experiment, so I don't understand it. Problems of this 
importance should be investigated in all possible ways, and some nice 
proposals have been advanced. For instance, the decay of the pi-meson 

into K°, K°, and theoretical proposals on A, A, and the Lo-Shimony 
proposal. This is a rich field, conceptually, but surrounded by thick 
clouds that prevent one from seeing what is going on. 

Wadlinger . If the single wave model is correct, then no experimental 
claim for singe photon diffraction is valid, for no one can claim to chop 
a single wave from a wave train. Therefore until you know the makeup of 
the photon, you may not claim single photon diffraction from probability 
calculations. Secondly, if the Hunter-Wadlinger model is correct, it is 
a quantum violation, for Heisenberg said that we cannot know the nature 
of the photon as being one wavelength long, for we cannot make 
simultaneous accurate measurements of energy and time. We cannot know 
what we cannot measure. 

Phipps . I would like to ask Hunter about his cigar shaped model for the 
photon. Are the size and shape preserved in time, and if so, what about 
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de Broglie*s theorem that a linear mathematical system describes only 
things that come apart in time? 

Hunter . Our model is a nondispersive, soliton type of model. The 
de Broglie theorem applies to a wave packet containing a distribution of 
frequencies, whereas we are dealing with a single frequency. Thus even 
though we are dealing with the solution of a linear equation, it is not 
dispersive. 

I would like to reply briefly and to take the opposite viewpoint of 
my colleague Wadlinger. The key piece of evidence in regard to our model 
is the question of low intensity interference. The evidence that 
supports our model is basically the same as that for Panarella*s model, 
which predicts that diffractive intereference is a multiphoton effect. 
Thus in a double slit e>q?eriment, some photons go through one slit, some 
go through the other slit, they diffract at different angles, and 
interfere when they reach the plane of observation. It*s the same as 
Panarella*s photon clumps. The photons within such a clump, or bunch are 
coherent. Panarella*s experimental work and that of Dontsov and Baz 
support this view. However all the other experimental evidence, 
including that of our own work with Jeffers which was undertaken to 
confirm Panarella*s results, does not confirm this view. The key 
question is whether one can get single photons, that is, however low the 
intensity, can you be sure that you have only one photon in the 
diffractometer at any one time? Now the experiments of Grangier seem to 
support single photon interference rather than photon - photon 
interference, and therefore I must admit that the experimental evidence 
is against our model. 

Vigier . We have here two conflicting views. Quantum mechanics is based 
on Dirac*s statement that a particle interferes with itself, and I 
believe that this has been shown experimentally by Grangier and by the 
neutron experiments. This does not mean that the photon cannot be 
described by some extended structure which you call a wavicle and I call 
a soliton. The problem is that if you want to interpret single photon 
interference from slits separated by more than one wavelength, then in 
this model you must say that the extended soliton moves in the direction 
of the Poynting vector. This is perfectly possible for you can introduce 
a nonlinear Maxwellian term and the total solution of the nonlinear 
equation will consist of a solution for the linear part plus the soliton 
solution; the latter, of the form sin kR/kR, is a singularity and follows 
the drift lines of the surrounding regular Maxwell field. The two 
solutions are geared together and this is the reasoning whereby Einstein, 
Infeld, Hoffmann and others figured the test particle as an R~* 
singularity in the surrounding regular g^ v field, and this forced the 

test particle to follow geodetics. I like that argument for now I can 
understand why you can make single photon interference; in a sense the 
singularity locates the extended R“* structure which is the photon and 
which follows the drift trajectories of the Maxwell equations. So, I 
don*t think your model is finished; it is a first step and it can be very 
well fitted into the picture I described and there is no contradiction 
between the model and the essential predictions of quantum mechanics. I 
know that efforts are under way to improve on the Grangier experiment, 
and I am not at all convinced by your results. I believe that Dirac*s 
statement about particles interfering with themselves is fundamentally 
correct. 

Greenberger . What happens if you introduce your photon into a dispersive 
medium and have it come out again? Has it preserved its original size? 
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Hunter. I don't know what happens to it inside the medium, but when it 
comes out again, I believe it will resume its original shape. The 
essence of our model is just a photon propagating in free space. 

Phipps . I am delighted that Datzeff has focused on the many-body 
problem, for not too much ingenuity has been devoted to it. There may be 
some more mileage in linear mathematics, for an unsatisfactory feature of 
the quantum many-body problem is that one speaks of a 4n-dimensional 
space, so the decision to include or not include an extra particle in the 
discussion alters the dimension of the descriptive space, which seems a 
bit artificial. I have found that by introducing idempotent operators in 
the classical many-body problem, one can interpret the Hamiltonian in the 
Hamilton-Jacobi theory as a linear operator. The idempotent operators 
can be thought of as n x n matrices, all of whose entries are zero except 
for one at the i-th position on the main diagonal. These things can be 
treated as tags on the energy of the i-th particle. The collective 
energy is just the sum of the individual tag energies, and you can obtain 
the main aspects of the classical relativistic many-body problems out of 
this approach. It amounts to interpreting what has always been treated 
as a scalar quantity, the collective energy of the system, as an 
operator. But that is useful also for the purpose of linearizing the 
classical Hamiltonian in the sense that Dirac did, and for that technique 
you have to introduce operators. So operators are not foreign to the 
classical mechanical problem and, when introduced, permit a direct 
correspondence transition to the quantum description. So there is much 
to be gained for getting the mechanics formally similar on the two sides 
of the correspondence transition. 

Well I am hopeful that there may be exciting new physics lurking 
here and it is possible that even biology is concealed in a better 
understanding of the many-body problem. 

Panarella . (to Hunter) Your model of the photon is really many 
photons. 

Hunter . Our model of the photon is a ellipsoidal volume, associated with 
a single frequency, but it can contain multiples of hv of energy. The 
normal single photon in normal, low intensity visible light, would 
consist entirely, ordinarily, of single photons. In stimulated emission, 
what initially emerges is a photon of 2 hv energy and in a focused laser 
beam, what one is producing are these same volume, same frequency photons 
with many hv of energy in the same volume. 

Panarella . You measured the transmission of microwave power through 
slits of varying width. For very small slit size, how does your model 
differ from the predictions of classical diffraction theory? 

Hunter . The classical electromagnetic theory for this situation was done 
by Andrejewski and is recorded in the book by King and Wu. If you 
extrapolate their calculated classical curve to the region of interest, 
you will find it very difficult to distinguish experimentally between the 
classical curve and our billiard ball-like model, which says that if the 
slit is large enough to let the "cigar" go through, then it will go 
through and otherwise, it won't. With respect to diffraction, as the 
slit approaches the critical width, the proportion of the radiation 
diffracted increases and becomes very large. Our experiment was designed 
not to collect the diffracted light, but only that which went straight 
through. 

Belinfante. Did you use just Maxwell's equations without any non- 
linearities? 
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Hunter. Yes 


Belinfante. So, if two of these billiard balls approach each other, they 
would just go through each other without disturbing each other. Then 
they could not create interference just by interacting with each other 
because there is no interaction. 

Hunter . For free states/ you are right/ but what if two of these things 
come together at the observation screen? 

Belinfante . That's a different case. What I mean is that fringes are 
not places where billiard balls interfere but are places where the bil¬ 
liard balls arrive. 

Hunter . Our model said that the interference is between two of these 
billiard balls. 

Belinfante . That is only within the size of the billiard balls, but 
those fringes are macroscopic compared to the billiard ball. 

Hunter . I don't think the theory of the interference is substantially 
different from what it would be in classical optics because the model is 
that, as we go through a diffraction slit, they are bent at different 
angles depending on the impact parameter of the cigar with the slit, and 
then the actual interference, as in the classical theory, depends upon 
path differences. The theory of the interference is basically the same 
as in classical optics. 

Belinfante . In that case it would be necessary to catch the constructive 
or destructive interference on the screen and it would be necessary that 
one billiard ball coming from one slit and one coming from the other slit 
just happened to arrive at exactly the same time and at the same spot on 
the screen. This can also explain what happens at low intensities. 

Hunter . Yes. The model seems to be the same as Panarella's for inter¬ 
ference at low intensities. The model depends on clumps of coherent 
photons, so one predicts for very low intensities where the clumps disap¬ 
pear, the interference disappears. 

Wadlinger . But the clumps may simply be a wavetrain. If n waves are in 
the train, then n waves are interacting with each other. 

Hunter . I believe our next step should be to study this more thoroughly. 

Panarella . In my model there is an interaction relation between the 
photons and they position themselves in such a way that the clump carries 
with it at any one time all the characteristic features of interference. 
These features are destroyed when the clumps are broken. 

Selleri . I wish to direct some observations to Panarella. I recall an 
experiment containing a source in which only one atom at a time is 
visible. How can one atom emit a clump photons? 

Panarella . Now we are going into the physical model for the formation of 
clumps. This is not something which occurs within the source. The 
photons are emitted freely out of the source; once they are out of the 
source, the interaction relation guides them so they reposition 
themselves. 

Selleri . But there isn't enough time for this. Atoms move slowly and 
light goes with the velocity of light. 
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Panarella . Once two photons leave the source and travel at the velocity 
of light, then the interaction relation is such that these two photons 
catch one another. 

Selleri . I repeat, there is only atom at a time. 

Panarella . Then we come back to the question how did you detect one 
photon emitted from one atom. I must stress again that there is some 
extrapolation in the concept of measurement, and that all detectors have 
a limited quantum efficiency, and therefore if one photon is detected, we 
have no knowledge of the other photons that were neglected by the 
detector. 

Phipps . I would like to ask about the concept of photon length. 
Originally, I associated this with the coherence length which had to do 
with the AE # At product of the photon emission process. At this 
conference, we have heard of models in which the photon length is very 
much shorter than this, namely the Hunter-Wadlinger model of the photon 
as one wavelength long. In addition, there are also length parameters 
inferrable from the response time of the detectors. For instance, the 
case of a photographic plate was pictured as behaving like a coincidence 
counter with a certain time interval within which several photons must 
arrive to effect the grain response. Now one doesn't measure the lengths 
of objects moving at relativisitic speeds, much less of light? what we do 
measure are time intervals at a given place in the laboratory. What is 
your view of photon length and what do length and time mean in your 
conception? 

Panarella . My conception of the photon derives from the expression for 
the photon-photon interaction which results in the formation of clumps. 
Within these clumps, there is a minimum longitudinal separation between 
photons; this minimum separation is equal to X and no more than one 
photon can occupy a volume of - X 3 . 

Buonomano . I spoke to members of Rauch's group who did the low intensity 
neutron interferometry experiments, in which they could see the detection 
of individual neutrons. They were separated by large time intervals of 
the order of, on average, one second. They talked of neutron detectors 
of very high efficiency. 

Panarella . Since we want to be sure that there is only one neutron 
within the interferometer, we should consider the details of the timing 
mechanism and demonstrate that the separation between successive neutrons 
exceeds the length of the interformeter. 

Selleri . This has already been done. 

Greenberger . There are many experiments that one can do. For example, 
the insertion of a piece of aluminum on one side of the beam slows up 
that side because the index of refraction of aluminum is slightly 
different from one. By using polarized neutrons and by applying an 
external magnetic field, they can detect the angular deviation in the 
amount of precession, so that you have a very accurate timing mechanism. 
Now these neutrons are moving very slowly, of the order of 10 5 cm/sec. 
Then it takes them 10 sec to go through a 10 cm device. Now they see 
only about one coherent neutron per second, so that the chances of two 
coherent neutrons being in the device are 10 -5 . As Rauch puts it, when 
you count one neutron, the next one to come through hasn't been born 
yet. 

Panarella. This is also said of photons. 
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Greenberger. In the neutron experiments, standard quantum mechanics 
explains the results very easily. It's a linear theory and all the 
results of superposition work. This is not to ignore alternative 
formulations, such as that of Bohm and Vigier, which can reproduce the 
results of the standard quantum mechanics; the result is that there 
happens to be more than one way of describing quantum mechanics. 
Nonetheless, it is the standard quantum mechanics which facilitates 
calculations and predicts very easily the results of delayed choice type 
of experiments. I grant that the interpretation poses problems, but it 
is not the case that quantum mechanics is wrong or even not natural. 

Kyprianidis. It is clear that there is no conceptual difference between 
neutron and photon interferometry. That's a critical point because the 
technical differences between the two permit one to see more clearly what 
is happening in neutron interferometry. It is quite enlightening to 
compare the results of the static absorption with the time-dependent 
absorption results obtained by chopping. There is a big difference 
between these results - you have a much lower intensity with the time- 
dependent absorption. When the chopper frequency approaches the order of 
the coherence length of the neutron packet, then you arrive at the static 
case again. 

Selleri. I agree with Greenberger that quantum mechanics is a very 
natural theory when one deals with neutron or photon interferometry. But 
I do not think the quantum mechanics is natural when it comes to the EPR 
paradox; there it is natural to reason in terms of local realism and 
quantum mechanics is incompatible with local realism. I think that this 
subject should be taken more seriously and that experiments should be 
performed under conditions in which quantum mechanics is really 
incompatible with local realism. This has never been done. 

Greenberger. I agree with you that as an arena for testing quantum 
mechanics, EPR is much more to the point. Quantum mechanics is always 
non-intuitive; here is a case where it violates not only our normal 
intuition, but violates the condition that many people would put on the 
experiment for it to have any interpretation whatsoever. 

Wadlinger . Phipps asked earlier about the length of the photon, and 
Panarella answered about one lambda. I would like to add some more 
evidence. On page 1192 of their book, Misner, Thorne and Wheeler 
indicated that from fluctuation phenomena, they estimate the volume of a 
photon of energy hv to be This is from quantum geometrodynamics 

considerations. 

Greenberger . I can't believe that you can get any independent evidence 
on this from gravity. There is an enormous coincidence in nature, the 
Magic Numbers, which can be interpreted in many ways. Whether this is 
coincidence or meaningful is hard to know. 

Santos. I should like to comment on whether quantum mechanics is natural 
or not. When I use stochastic optics to try to explain phenomena, I am 
not for throwing quantum mechanics away. Rather I am trying to 
reinterpret quantum mechanics. For example, the principal novelty of 
stochastic optics is the assumption of a zero point background radiation, 
which is also present in quantum field theory; we merely reinterpret this 
as a real rather than as a virtual backgrouned radiation. We also 
reinterpret creation and annihilation operators as a means of 
representing random variables. Thus, to some extent, we are trying to 
go as close to quantum mechanics as possible. Even if we cannot obtain 
very accurate results at the moment, we are trying to gain a qualitative 
understanding. Our final intention is to go as close as possible to the 
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quantum formalism and to reinterpret it. Perhaps there must be some 
small modifications to avoid the conflict with local realism. 

Aspden. I would like to comment on the connection between the photon and 
gravitation. First of all, I do not think that the photon and 
gravitation have any immediate, direct connection, but there could be an 
indirect connection. I presented a picture of a lattice in the vacuum. 
That lattice must have formed from chaos. My picture of how this lattice 
was formed is analogous to the formation of ferromagnetic structures 
which come into being upon cooling below a critical temperature. I found 
these models to be useful when applied to the vacuum to deduce the nature 
of photon birth. I would suggest that if we find eventually that there 
is a good explanation for the photon mechanism that relates to a lattice 
structure for the vacuum, we may infer that at the instant when that 
chaos in the vacuum turned into order, gravitation appeared. That is, 
when the Universe cooled below its "Curie Temperature" and formed the 
lattice, photons and gravitation appeared and all the matter in the 
Universe began to coalesce. I suggest that quantum mechanics, once it is 
sorted out, might help solve some cosmological questions. 
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INTRODUCTION 

While so far the success of nonrelativistic quantum theory for systems 
with finite numbers of degrees of freedom has been astounding, and relati¬ 
vistic quantum theory of electrons has made predictions about spin and 
about positrons that have well been confirmed by observations, applications 
of quantum theory to systems with infinite numbers of degrees of freedom 
suggest that quantum theory in its present form is not yet completely 
correct. Predictions made by quantum field theory, in particular by 
quantum electrodynamics, are obtained only by what a mathematician would 
call "swindles," like treating divergent renormalizations as small correc¬ 
tions. Physicists so far have accepted these swindles, because they con¬ 
sider it reasonable that at very small distances the present theory would 
yet require corrections, which, they hope, will in the future lead to 
finite results that would lie close to the results presently obtained by 
treating logarithmically divergent integrals as finite quantities. 

I could live with this trust in the future theory, if I were convinced 
that in other respects there are no blemishes in the calculations which we 
are told to show beautiful agreement between quantum-electrodynamical pre¬ 
dictions and experimental observations. A critical look at the conven¬ 
tional calculation of the Lamb shift by second-order perturbation theory, 
however, reveals the need for a revision of part of these calculations, 
in particular of the contribution to the Lamb shift from intermediate 
states with virtual photons of moderate energies from 0.003 me 2 up, where 
m is the electron mass. For these intermediate states, it is conventional 
to use Bethe’s nonrelativistic treatment of the Lamb shift, and its later 
refinements, even when relativistic methods are used for calculating the 
contributions from intermediate states with virtual photons of energies 
around mc^ and higher. Some of the approximations made by Bethe are not 
justified, and we have started a program for correcting these errors. 

Until this work has been completed, we do not have the right to claim 
agreement between quantum electrodynamics and the observed facts. 


CONVENTIONAL DERIVATION OF THE LAMB SHIFT 

The first to complete the relativistic calculation of the Lamb shift 
were French and Weisskopf. 3 They showed how formally the shift of hydrogen 
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atom energy levels caused by interaction between electrons and the electro¬ 
magnetic field may be written as the sum of "exchange terms" and "nonex- 
change terms," which both, in the radiation gauge, are sums of "dynamic" 
terms due to interaction with the transversely polarized electromagnetic 
field, and "static" terms due to interaction through the instantaneous 
Coulomb field. The latter may, in the Lorentz gauge, also be written as 
the sum of terms due to interaction with the longitudinally polarized 
vector potential and terms due to interaction with the retarded Coulomb 
potential. 

These formal expressions diverge. However, similar perturbations 
would have been present also if the electron of which we calculate the 
energy had been a free electron instead of an electron in the Coulomb 
field of the proton. In particular, the exchange part of this perturba¬ 
tion of a free electron would be similar to the effect of a change of the 
electron mass. Therefore, in the "mass renormalization" procedure it is 
assumed that this (divergent) part of the perturbation is already included 
by using the experimentally observed mass in the unperturbed electron 
Hamiltonian, so that only the difference between the perturbation effects 
on a bound and on a free electron would cause the observed shift of the 
hydrogen energy levels. 

Similarly, the nonexchange part of the perturbation is a sum of 
several contributions. The perturbed energy contains terms proportional 
to the Coulomb potential at the position of the electron. This may be 
regarded as describing a change of charge of the electron. In the "charge 
renormalization" procedure, we assume that this part of the perturbation 
has already been taken into account by using in the Coulomb term of the 
unperturbed hydrogen Hamiltonian the experimentally observed charge of 
the electron. There are also terms that look like an electromagnetic 
interaction between the charge of the electron in its hydrogen state, 
and the charge of "vacuum polarization" (presence of virtual electron 
pairs) around the proton. The static part of these terms cause the 
Uehling shift of the energy levels. 4 Here, we will not further discuss 
it. The dynamic part of these nonexchange terms is negligible for a 
hydrogen atom here assumed to be at rest. 

Our present discussion will be confined to consideration of the ex¬ 
change terms in the shift of energy of the electron in its hydrogen state. 
This is now the difference between the perturbations calculated once while 
taking into account the influence of the proton’s Coulomb field upon the 
electrons, and once assuming the electrons were free. As this is the dif¬ 
ference between two infinite integrals, we should take the difference 
between the integrands before performing the integration, but the result 
would remain ambiguous, unless we use the correct way of combining the 
two integrals to a single one. As explained by French and Weisskopf, for 
this purpose one should use the Lorentz gauge. Yet, the result obtained 
in this way may be written as the sum of its dynamic part and its static 
part, the former with the intermediate e.m. field transversely polarized. 

Properly combining the two integrals to a single one amounts to prop¬ 
erly establishing a one-to-one correspondence between intermediate states 
of the electron in the proton’s field, and of the electron that is free. 

The sum and integral over intermediate electron states is a sum and inte¬ 
gral over a complete set of electron states. The trick here is to find a 
valid approximation in which the electron field both with and without the 
proton’s Coulomb field may be described by the same complete set of func¬ 
tions. This may be done, but differently for intermediate states in which 
the intermediate virtual photon is hard or is soft. Here, hard photons 
have energies > mc 2 6, where 6 is a numerical constant somewhere between 
a = 1/137.0390 and 1. Soft photons have momentum < mc6. 
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The first attempt at calculating the Lamb shift of the hydrogen energy 
levels, by Bethe 1 in 1947, took into account merely the nonrelativistic dy¬ 
namic interaction with soft photons, assuming that for 6=1 the hard-photon 
interaction would be negligible. The first calculation taking into account 

o 

the relativistic perturbation was by French and Weisskopf, who considered 
in detail the effect of hard photons in the intermediate states, assuming 
a<6<l. For the (much larger) contribution from soft-photon intermediate 
states, they simply added Bethe’s results adjusted for a<6<l instead of 
Bethe*s 6 = 1. They found that 6 would cancel out in this sum of soft- and 
hard-photon contributions. 

Later calculations using Schwinger’s utilization of Tomonaga’s inter¬ 
action picture or using Feynman diagrams differ from French and Weisskopf*s 
work by more obvious relativistic covariance and by some of the mathemat¬ 
ical techniques used, but from the point of view of physics they are es¬ 
sentially identical. Higher-order calculations later made by others add 
some refinement, but will here not be considered. 


While thus the hard-photon case has been discussed extensively in the 
literature, this is not so for the soft-photon case. There have been some 
papers * improving on the numerical calculation of the soft-photon con¬ 
tribution predicted by the formulas of Bethe, who expressed the soft-photon 
shift of the 2s level by 

6E = (a 3 /3*ir) Ry {(^g.) In 6 + (£g.) In (2/a 2 ) - (£g. lnv.)} (1) 

3 3 33 

in terms of quantities g related by g = 3 f V 2 / 2 to the oscillator 
strengths f(2s,n) and df(2s,n), where V = 1/4 - 1/n 2 for the discrete 
spectrum of intermediate states, and v = 1/4 + 1/n 2 for the continuous 
spectrum. We write ]£g^ for 2 g(2s,n) + / dg(2s,n) ; In (2/a 2 ) = 10.53367 q 

and Ry = mc 2 a 2 /2 , so that a 3 Ry/3*ir = hV Q for a frequency = 135.6348s 

megacycles. According to French and Weisskopf, hard-photon states would 
add to (1) the amount 

(a 3 /3*Tr) Ry {§ - g - In 2 - In 6} , (2) 


where § - g - In 2 = -0.059 813 847 226 612 . From the sum rule 
-Ry 3 ^v j 3 | / ty* x d 3 x| 2 = 

= (e 2 ftVm 2 ) V 2 — + ($—) } d 3 x (3a) 

1 o o r r o 


it is known that 



(3b) 


but £ g. In v. requires numerical computation. With present-day computa- 
3 3 

tional tools, this is easily calculated with high precision. For the sport 
of it, I have done it myself with ten-digit accuracy and better, yielding 


£g(2s,n) = 0.026433608787 , £g(2s,n) In = -0.046467908953 , 

Jdg(2s,n) = 0.9735663912 , Jdg(2s,n) In v = 2.85823780207 , 

so, = 1.0000000000 , £g.lnv = 2.81176989312 . 

J 3 


\ 


} (A) 


J 


This accuracy is, however, totally spurious, not only because of the lack 
of accuracy in (a 3 /3*Tr) , but much more so because Bethe’s formulas are based 
upon "approximations" that are not valid at all for 6>a, so that the soft- 
photon contribution to the Lamb shift needs recalculation. The present 
paper outlines where these nonrelativistic calculations can be improved and 
discusses the results of the first step in these new calculations. 
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CHOICE OF THE COMPLETE SET OF ELECTRON WAVE FUNCTIONS USED AS INTERMEDIATE 
STATES 


If for an intermediate electron state of energy E. and initial unper¬ 
turbed energy level E we put v. = (E. -E )/Ry and D. = a v./2 , and if 

J 3 ^ J 3 

K is the momentum or wave vector of the intermediate photon in Hartree 
units, then the exchange contribution to the level shift <5E is 


6E 


o 


2q 2 

TT 


Ry / K dK £ 

0 


E X V iji. d 3 x| 2 

0 _ 3 

- (K + D.) 

3 


(5) 


where V is the operator for a component of the electron velocity (like x 

and ijj in Hartree units) , and where E is a sum over the components of V of 

which we calculate the contribution to the level shift (these components 

correspond to the polarization directions considered for the intermediate 

electromagnetic field, so they are two components perpendicular to K for 

the dynamic contribution to 6E q ), while Z also sums over all intermediate 

states \p. belonging to the same energy level E.. If we express \p in terms 
3 3 o 

of plane waves corresponding to electron momenta P in Hartree units, then 
mass renormalization adds to (5) a similar expression with the denominator 


- (K + D.) replaced by K + [l/a 2 + (P - K) 2 ] 2 - [l/a 2 4- P 2 ] 2 , 
and where in J) we average over the angle between P and K . 


^ ~ o -i^5 


( 6 ) 


French and Weisskopf treat the intermediate electrons in the proton’s 
Coulomb field as nearly free, so that in zeroth approximation they use 
free-electron wave functions as the complete set of intermediate electron 
states. These states form a continuum; there is here in 'f, no sum over 
discrete energy levels. For the bound intermediate states in (5), the 
effect of the Coulomb field on the ij; is then calculated by perturbation 

theory. This treatment is satisfactory for intermediate states with hard 
virtual photons, of energy > mc 2 6 with 6>a. They then found the result 
(2) above for the shift of the 2s level caused by these hard-photon inter¬ 
mediate states or by nonexchange interaction. (The term - g in (2)^stands 
for the Uehling shift.) The averaging over angles between vectors P and K 
was performed by French and Weisskopf after first expanding in powers of P 
and (P # K), neglecting higher powers of P than the second. When (2) is 
added to Bethe’s contribution (1) with (3b) and (4) for the contribution 
from soft-photon intermediate states, (2) is merely a small correction, 

bringing down the total shift <5E from 7.72190084 x 135.63485 = 1047.359 

z s 

megacycles to 7.66208699x135.63485 = 1039.246 megacycles. 


When the virtual photon has small energy, one should use for a com¬ 
plete set of states the unperturbed hydrogen wave functions, of which some 
belong to the continuous spectrum corresponding classically to hyperbolic 
orbits, but some belong to the discrete energy levels of the atom. It is 
reasonable to assume with Bethe that we may use nonrelativistic approxima¬ 
tions in calculating (5) and (6) for these intermediate states, although 
we should take into account the electron spin, as there will be nondipole 
virtual transitions in which the spin flips. We therefore will use the 
Pauli approximation to the Dirac wave functions, j^n whi^h one assumes that 
in the Pauli representation (with Dirac matrices a = PiCF and 3 = P 3 ) the ip. 
will for positive energies have two large components ¥ = ip 1 0 satisfying ^ 

the Schrodinger equation, and two small components obtained from the large 

components by = - (ia/2) a»V'F (in Hartree units). Excluding from \p . 

3 
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the negative-energy states, the states ¥ then form a complete set (part 
continuum and part discrete), (The negative-energy states supposedly 
contribute little to (5) or (6) for soft photons. For hard photons, one 
subtracts the sum over negative-energy states. 3 ) 

As the averaging over angles between P and K complicates the calcu¬ 
lation, we now with Bethe assume that P is entirely negligible, and we 
replace the mass renormalization terms for photons of energy < mc 2 6 (with 
K < 6/a = 137.039 6) by 

2a 2 f 6/ “ . 2 |/<(<*e :LK ' X ViJ), d 3 x| 2 

— Ry / dK f, ---f- , (7) 

0 1 + [(1/aK) 2 + l] 2 - (1/aK) 

*>■ 

where V now is a component of a/a = 137.039 a. 


In Eqs. (5) - (7), according to French and Weisskopf, Z should for a 
z-axis parallel to K still include a sum 


Z U Vip.l 2 = a 2 (U*a ip. 1 2 + U* a ip. 1 2 + U* a 1 2 - U*1 2 ) » (8) 

1 o r j 1 |r o x j 1 o y 2 o z j 1 1 o j 1 


where the last two terms correspond to the static exchange interaction. 
French and Weisskopf, however, agree with Bethe that the static contribu¬ 
tion would for soft photons be negligible compared to the dynamic contri¬ 
butions from the first two terms in (8). This claim may require verifi¬ 
cation by actual calculation of the static terms; so far, I have not yet 
found the time for doing so, and will in the following merely discuss the 
transverse dynamic terms. 


DUBIOUS APPROXIMATIONS MADE IN BETHE*S CALCULATIONS 

Bethe makes the following approximations, which are satisfactory for 
very small K (< 0.4, corresponding to photon energy < 0.003 me 2 ), but which 
certainly break down long before K reaches 6/a : 

(1) He neglects the phase factor exp(iK # x) in (5) and (7); 

(2) In (7), he neglects the recoil energy of the electron, replacing 
the denominator by 1. 

These two approximations certainly greatly simplify the calculations, but 
they distort the numerical results, and therefore we are forced to redo 
the calculations, avoiding these dubious approximations. 

It would be even better to take P in (6) also for K<6/a into account 
at least up to terms quadratic in P, like French and Weisskopf did for hard 
photons. As the calculations become already rather complicated without 
introducing this additional complication, I have not yet done so. 


WORK TO BE DONE 

We discuss here merely the 2s level. For obtaining the Lamb shift, 
similar calculations should be made for the 2p level, and the difference 
should be taken. 

Our tasks then are the following: (We interchange the summation and 

integrations £ over E. or n, and the integration over K:) 

1 

(A) Calculate the matrix elements, and perform the summations Z of 
their absolute squares at fixed E. or n. This will give us 



(9) 


T 

n 



l y m 3 s 


E 

i=x,y 



iKz 

e 


a. iJj - d 3 x 
1 nlms 


2 


for any fixed values of n and K. (Note that (9) is independent of a, as 
the OL have matrix elements only between the large and the small components 

of ifj, and the latter contain a factor a.) 


(B) We perform the integrations over K up to various maxima K between 
1 and 137.039 that might serve as choices for 6/a. This gives us the quan¬ 
tities 

K T T 

F = J dK {- - —p-- - -} (10) 

n 0 1 + [(1/aK) 2 + IP - (1/aK) (av /2K) + 1 

n 

For the discrete hydrogen levels, we will find the two terms in (10) for 
K-* «> to give two convergent integrals, contrary to Bethe’s result of 
linear divergence of the integrals of the single terms, and logarithmic 
divergence of their difference. However, when similar integrals for the 
continuous spectrum are added, for instance the dynamic contribution to 
the mass renormalization terms in (7) will add up to 


2 

TT 


Ry 


K 

/ dK 
0 


/ i|i* e^ Z (a 2 + a 2 ) e ^ Kz \p d 3 x 
1 y o _ x y _ Y o 

1 + [ (1/aK) 2 + l]" 4 - (1/aK) 


(11a) 


where the phase factors cancel out, so that we obtain 

X X 

— Ry {2aK - a^K 2 + aK [1 + a^K 2 ] 2 + In (aK + [1 + a^K 2 ] 2 )} , (lib) 

Oi TT 

which for K-» <» diverges like-^Ry {\ + 2aK + In (2aK) } • Therefore, our 

only hope for convergence for K->°° remains taking the difference as in 
(10), before the integration over K is performed. For the soft-photon 
case, however, the perturbation term and the mass renormalizaion term 
may be integrated separately up to the cutoff K = 6/a chosen for a fit 
to the result (2), 


(C) Finally, we have to sum the F n obtained for the discrete spec¬ 
trum, or to integrate over n for the continous spectrum as in (17) below. 


So far, I have completed this program for the 2s state only for the 
discrete spectrum. 


SIMPLIFICATION BUT DISTORTION OF RESULTS BY BETHE’S APPROXIMATIONS 

iKz 

When the factors e are omitted, we can calculate the matrix ele- 
-> 9 


ments of a by 


S=[5h -h $]/ific 2 

op op 


( 12 ) 


"7* t 

in cgs units, and integrate the H q ^ x term by parts for making the 

operate upon the ip* on the left. Also, Bethe’s approximation T^ to our T^ 

becomes independent of K. Moreover, for the 2s state, there is now in E 

no sum over 7, as only 7 = 1 will give a nonvanishing / x . ^ 3x • 

The result then is 


n 


4096 (l-2/n) 2n-4 (1 -n -2 ) 


3 n 


(l+2/n) 


2n+4 


(13) 
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so that, for n-> «>, 


t b -> 

n 


4096 + . 


e®n 3 


(14) 


3n‘ 


JB 


Also, T is now by (12) related to the oscillator strengths f(2s,np) men- 


n 


tioned below Eq. (1), by 


T B = v f(2s,np)/2 = g /3v . (15) 

n n n n 

Replacing T in (10) by (13), and replacing the first denominator in (10) 
by 1, Bethe then finds for F^ the "approximation" 

F B = T® D In (K/D + 1) , (16) 

n n n n * 

in which he finally neglects the "+ 1", as small compared to K/D^ = 

26/a 2 v • For the continuous spectrum, the only difference in (16) is 

^ B 

a value for T different from (13)• By 

n 

6E, = Ry $ F. , (17) 

2s 7T J 

(16) then gives Bethe*s result, Eq. (1) above. 


From (13) we see that in Bethe*s approximation there are in the sum 
over discrete states in (17) no terms for n = 1 or 2, while by the cor¬ 
rected formulas (10) with (9) we find that n=l and n = 2 give the largest 
contributions to the sum over discrete states# (These contributions come 
mostly from transitions in which the virtual photon gets its angular mo¬ 
mentum from a flip of spin of the electron, a process which is entirely 
overlooked by Bethe*s calculations.) 

From (14) we see that the sum over n in (17), like E 1/n 3 , converges 

very slowly. Therefore, when we stop the summation, say at N = 50, there 

00 

is a large remainder E F that should be replaced by an integral. The 

n=N+l n 

same will be true in the revised calculation. The only difference is that 
the integrand in that integration over large n can be obtained analytically 
for Bethe*s "approximation," while in the revised calculation we first cal¬ 
culate individual F for a number of large sample values of n, and then 

n 

find empirically a function of n which satisfactorily describes the results 
for F n found in these sample cases • 


THE ACTUAL MATRIX ELEMENTS 


iKz 

As e does not commute with H , we cannot use (12), and we must use 

op 

in (9) the Dirac matrices with the Pauli approximation for the four-com¬ 
ponent Resolving the electromagnetic field into circularly rather than 
linearly polarized waves, we use (cx + ia )/\/2 and (a -icx )/^2 > for the a. 

in (9). We resolve the initial 2s state as well as any intermediate states 

ib - into states with spin up or spin down in the large components, by 
r n urns 


using for the latter 

* 

n lm+ 



with 

R 7 = 
n u 



(n+Z-) ! 
(n-7-1) ! 



-r/n 

e 


^nlm \l^lm 

n_ £ _1 r 2rx h _ (n-7-1) ! 

h= 0 ^ n ^ h! (n-7-l-h)! (27+1+h) ! * 


(18) 

(19) 
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We then find , for instance for the 2st state, the matrix elements 


-1 iKz 
i e 

-1 iKz 


<2,0+| cf x a x /vT|nZm+> = (K/\/2) J ¥ 2 + 0 e 


iKz » d 3 x 
n Im ’ 


<2,0+| a ■ L e xix "a x _ /V2|nZm+> = 0 , 


<2,0+| a" 1 e :LKz 

-1 iKz 


a x + iy /v/J l n ^ + > = ^/^OY-I 6 


<2,0+| a e a x-i y/\/2 |nZtf2+> = (-i/\/3) / D 2 f o Y l*l e 


Y d^x 

nZro ’ 

iKz m j 3 

Y - d 3 x , 
nlm 9 


where D - = dR -/dr (in Hartree units). Thence, for fixed n and Z, 
nZ nZ 

■2 00 


nZ 

with 


T S + T° = — 
nZ nZ 2 


/ R..R •» X-- r 2 dr I z + 


2 - 2 


oo 


0 


‘20 nl 00 




2tt +1 

I = / dcp / du e Y * Y 

W71 J t j - 

0 -1 


nm Im 


and, for fixed n. 


n-1 

T =t S +T°= LT-. 
n n n ^_q nZ 


(20a) 

(20b) 

(20c) 

(20d) 

( 21 ) 

( 22 ) 

(23) 


Equations (20a-d) actually are the matrix elements for the transi¬ 
tions back from the intermediate state to the unperturbed 2s+ state under 
the reabsorption of the virtual photon. In (20c-d) we performed an inte¬ 
gration by parts, which altered H* into DJ Y , • 

We see from (20a-d) that for virtual emission of circularly polarized 
photons in the z-direction, under transition to a state of specified quan¬ 
tum numbers n and Z, there are for an electron with spin up three options: 

(1) The photon may take an angular momentum ft in the z-direction, by 
a flip of spin of the electron from spin up to spin down. This fixes the 
direction of circular polarization of the photon wave. 

(2) and (3) A photon circularly polarized in either direction may be 
virtually emitted under a corresponding decrease or increase of the orbital 
azimuthal quantum number m by 1. 

We will call option (1) a spin-flip emission of the virtual photon, 
and will call (2) and (3) orbital emissions of the photon. We indicate 
these two cases by superscripts s and o • The two terms in (21) correspond 
to these two cases. Options (2) and (3) do not exist in a transition from 
an s state to an s state, and therefore do not exist for transitions from 
the 2s state to any state with n = l. That is, for our 2s state, we have 

rrP , JO 

n0 


- 0 and 


t; = o. 
i 


In Fig. 1, we have plotted for n from 1 to 4 the dependence of T^ and 

of T^ upon K between 0 and 3. The solid lines are for the spinflip cases, 

and the broken lines are for the orbital cases. We find a strong depen¬ 
dence on K. Bethe assumed for all values of K the same value which we find 
at K=0. Therefore, he did not consider the spinflip cases at all, and 
therefore he did not find the matrix elements toward states with n<3. 

In Fig. 2, we first have added T S and T° to give the T that we need 

n n n 

for use in our Eq. (10). Next, we have divided this T by its value at 
K = 0. That is, in Fig. 2 we have plotted the ratio y = T /T as a func- 
tion of K. Bethe , s approximation is therefore here shown by the line Y n ~l* 
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0.03 




Figure 1. As functions of K (the photon momentum in Hartree 

Q 

units, we plot here by solid lines the sums of absolute 

squares of matrix elements for transitions from the 2s state 
by spin flip to any states with a given value of n, and by 

broken lines similar sums for ’’orbital” transitions without 

n 

flip of spin. Predominant are the spinflip transitions from 
the 2s state to the Is state, which were completely overlooked 
in Bethels calculation. 


We show in Fig. 2 curves for n = 3, 4, 6, and 25. For small K, T 

B 

for n^3 soon starts to decrease parabolically from T^. For n>4, near 

K = 0.2 starts to rise again, and climbs to a steep maximum near K=0.6 . 

T then keeps dropping steeply toward a value much lower than predicted 
n 

by Bethe at K= 0 (photon energy mc 2 /137). This is followed by a rather 

flat second maximum. Finally, T -*0 like K , which makes the integrals 

in (10) convergent for We noted already that there cannot be such 

a convergence for transitions of the electron to the states of the con— 
tinuous spectrum. 

For large n, the sum over Z in (23) considerably slows down the numer¬ 
ical computation, which is already slow because for fixed n and Z we express 
T ^ as a triple sum. (There is in (19) a sum over h; we represent and 
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B 

Figure 2. Ratios y = T /T as functions of K. Here, T is 

n n n n 

the sum of absolute squares of matrix elements for transitions 

from the 2s state to any discrete states with principal quan- 

turn number n: T (= T at K = 0) is Bethels value for T . 

3 n n n 


y^l by sums over i, and the integration over r introduces a sum over j.) 

For large n, the T - become smaller and smaller as X increases toward n-1. 

ni 

However, the triple sum by which each T ^ is calculated has terms of al¬ 
ternating sign that become larger and larger. This happens even faster 
when K is very small, and soon, for increasing X 9 though the sums are 

finite, we obtain for the T - by rounding errors very large numerical 

nO B 

outputs, though we know that they must add up to a value close to . 

This occurs when the individual terms in the summation become so large 
that their significant small difference does no longer show up in the 
number of digits which the computer can handle. 
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It is therefore not only useful for saving time, but also necessary 

for preventing this explosion of the summations, to cut off the sum ove£ Z 

in (23) as soon as we reach an Z (> 2) for which T - is small enough. 

nZ 

For obtaining in this way any precision at all, one must use a computer 
language that works with floating-point numbers of many digits. On a 512K 


TM 

MACINTOSH, I used for this purpose the computer language Rascal developed 
in 1985 at Reed College (Portland, Oregon) by G. Stein, S. Gillespie, and 
R. Crandall. It performs all calculations with approximately 19-digit ac¬ 
curacy, using 10-byte floating-point numbers. Wi£h this accuracy of the 
computer, and avoiding calculations for K < 0.005, explosion of summations 


—16 

could be avoided by a cutoff as soon as T - < 10 at 

n i 

calculations, we avoided K < 0.03125 and cut off at 10 


Z >3. 
-15 


For most 


THE INTEGRATION OVER K 


The region 0 < K < ~ is rather critical, as in this region the av /2K 

li 

in the energy denominators become important, so that Simpson integration in 
this region would require very many small steps. On the other hand, we 
wanted to avoid calculating T^ in this region as much as we could. 

Therefore, after establishing how T^ behaves in this region, by a 

number of sample calculations in the region 0.005 < K < 0.03125, we re¬ 
placed each T^ for K<^ by a function of K which well reproduced the 

sample values calculated. For large n, a function of K and n was used. 

For good accuracy, this general function was replaced by individual func¬ 
tions of K for individual n values, for n up to 19. 

These functions of K allowed us to perform tha integrals in (10) ana¬ 
lytically for K up to 0.03125 , with the results impressed as expansions. 


Yl 

From there up to K=l, we integrated by Simpson’s rule, using 31x2 
half steps dK. For best results, we used here n= 6 for n>2, and n = 5 for 
n<2. At n=ll, and again at n = 27, we actually halved the number of 
steps, but then by sample calculations found a general formula for correc¬ 
ting for the difference between numerical results from Simpson integration 
with a smaller or a larger number of steps. (The accuracy becomes 16 times 
better, when the number of steps is doubled, and, for large n, the errors 

-3 

are proportional to n .) 


From K =1 up to K = e , we changed the integrals over K into integrals 
over In K. The integral was performed piecemeal, with printouts of inte^r 
grals up to in-between points, in case we would want to use one of thesa 
K values later as K = 6 /a • For accuracy in these integrations, it turiigd 
out to be necessary to use for n<2 twice as many Simpson steps between 
In K = 2 + and In K = as were sufficient for n >2 . 


4 

From K = e up to K= 137.039, and (for the fup. of it) from there up to 
infinite, the integrations were again performed analytically, replacing 
individually calculated T^ values by a function of K and n that was found 

to reproduce satisfactorily sample values of T (k) calculated for K>40 
for any n. We used here n " 


T (at K > 40) = 
n 


16 

n 3 K 6 


109 + 10£/n 2 
n 3 K 3 


(24) 


Here like for K < 3 - , 


analytical integrations lead to further sums. 
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THE SUM OVER n 


As n increases, the time required for calculating by (10) an individ¬ 
ual F value increases considerably, and could take more than 24 hours of 
n 

computing time on the Macintosh. On the other hand, with F n crudely pro- 

-3 

portional to n , the sum over n converges exceedingly slowly. 

oo 

For an accurate calculation of the remaining E F after having 

„ n=N+l n 

N 

obtained E F by summing individually calculated F n values, we first 
n=l n 

replace F r for n >N by a function F(n) that will sufficiently accurately 
reproduce the individually calculated F^ for <n <N • Next, we calcu¬ 
late a few sample F n for n a lot larger than N, for verifying that those 
are also well reproduced by F(n). 


We then use the formula 


oo OO 00 

S F(n) = / dn £ a. d J F(n)/dn J 


(25) 


n=N+l 


N+% j=0 


with the a chosen so that, for any function F(x), 

J t 

£ a. / dx d^F(x)/dx^ = F(0) . (26) 

3=0 i-h 

Inserting here Taylor expansion of f(x) = d ^F(x)/dx , we obtain for a^ 
the recursion formula 


a, = - Ij 
k 


L k-j 


with a^ = 1, so that 
« = _ J_ a = ..J— 

24 9 a 2 5760 9 


3=1 (2j+l)! 


- 31 

a 3 ~ 967680 9 


J 

(27) 


127 

a q 154828800 9 


etc. 


(28) 


We then find that in (25) terms with j >3 are for N = 50 negligible 


RESULTS 


We performed the calculations with redundant accuracy, using three 
choices for the cutoff factor 6: (1) 6 = 1, as suggested by Bethe, 9 2 cor¬ 
responding to K = 137.039 and photon energy me 2 . (2) 6 = a, as suggested 
by French and Weisskopf,^ corresponding to K = 1 and photon energy amc • 

(3) The in-between value 6 = a exp 3.5 = 0.2416498 , corresponding to 
K = 33.11545 . We find 


Case 6 

( 1 ) 1 

(2) a 

(3) 0.24 


50 

£ F 


n=l 


n 


- 0.000 330 910 952 
+ 0.000 108 251 785 
-0.000 330 898 752 


0.000 000 306 719 
0.000 000 420 012 
0.000 000 306 721 


- 0.000 330 604 232 
+ 0.000 108 671 797 
-0.000 330 592 031 


From this, contributions to 6E 0 are obtained by Eq. (17) . Comparison 
7 zs 

of Eqs. (1) and (17) shows that multiplication of the last column above by 
a factor (6/a) = 822.234 gives the quantities comparable to Bethe’s quan- 
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tities {(£g n ) In 6 + (£g n ) In (2/a 2 ) - (£ g n lnv n } > which were part 

of Eq. (1) . Inserting in this the top line of Eqs. (4) , we find the 
following comparison between Bethe*s results for the discrete spectrum, 
and our results: 


Case 

6 

Bethe*s Eg In (2S/a 2 v ) 

Our (6/a) £F 




n n 

n 

(i) 

1 


+ 0.324 911 040 

- 0.271 834 040 

(2) 

a 


+ 0.194 850 665 

+ 0.089 353 646 

(3) 

0.2416498 

+ 0.287 368 296 

- 0.271 824 080 


We see that Bethe*s results do not agree at all with the results of a more 
careful calculation. While Bethe*s above results for increasing 6 'increase 
by 0.026 433 608 787 In 6 , we find our results to decrease for increasing 6. 
Before concluding from this anything about the fit between the soft-photon 
calculation and French and Weisskopf*s hard-photon calculation, we first 
have to add the results of a revised calculation of the soft-photon tran¬ 
sitions to the continuous spectrum of hydrogen states. (Also in the cal¬ 
culations for those transitions, Bethe, Brown, and Stehn left out the 
exponential phase factor and the recoil of the free electron in the mass 
renormalization term.) 


CONCLUSION 

Our results show that there is no justification for leaving out the 
photon phase factor or the recoil of free electrons from soft-photon cal¬ 
culations that are extended beyond photon energies of mc 2 /400, while there 
are no reasons for believing that the approximations made in the conven¬ 
tional relativistic calculations would be valid down to that low photon 
energies. The in-between range of photon energies may possibly be covered 
by calculations using nonrelativistic Pauli wave functions for the hydrogen 
atom, but this will require taking into account the phase factor and the 
recoil energies neglected in the conventional calculations. 

For the 2s state we have calculated the contribution to the Lamb shift 
from transitions to the states of the discrete spectrum under virtual 

* O O 

emission of a photon of energy below somewhere between mc z and mc^/l37, 
but to this should be added the much larger contribution from soft-photon 
transitions to the continuous spectrum. It is therefore necessary to 
perform similar calculations for those transitions, using a computer lan¬ 
guage allowing many-digit calculations, and preferably on a faster computer 
than I had available for the present work. Then, similar calculations 
should be made also for the 2p state. Also, it would be wise to verify 
whether really the static contributions to the soft-photon exchange case 
are negligible, and perhaps P in Eq. (6) should not be entirely neglected. 

Until all of that work has been completed, nobody has the right to 
claim that we would know that quantum electrodynamics with renormalizations 
yields results that agree with the observed facts. 
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THE QUANTUM AND REST FRAME VACUUM - ABSOLUTE MOTION WITH LORENTZ 
CONVARIANCE 


James D. Edmonds, Jr. 

Physics Department 
McNeese State University 
Lake Charles, LA 70609 USA 


INTRODUCTION 

In reading a translation of Lorentz f s original relativity paper, 
which preceded Einstein 1 s by about five years, I was startled to see how 
much of Special Relativity he developed. His foundation was the idea 
that Maxwell f s equation of electromagnetism is more fundamental than 
Newton f s equation of motion. He explored the "symmetry” of Maxwell f s 
equation, discovering the famous Lorentz transformations. He also then 
modified Newton's motion equation to confirm to this symmetry and thus 
hit upon the correct Newton-Einstein equation of motion. 

Einstein simply reinvented the wheel starting from a different per¬ 
spective. He guessed that no absolute motion exists, so c = c 1 , and 
Lorentz covariance is derived. Everyone seemed to like this better and 
it is the way relativity is introduced in most textbooks today. Einstein 
did recognize time dilation as quite physical, but his real contribution 
of genius was his curved space-time gravity equation. The equivalence 
pseudomorphism helped his imagination grasp bending light, thus curved 
space, though his belief in real equivalence of gravity and acceleration 
was quite mistaken. We no longer need such motivation. His gravity 
equation has withstood every test to three or four digit accuracy so far. 
It is incompatible with quantum electrodynamics, itself tested to seven 
or eight digit accuracy, so something has to give in the future here. 

The expanding or contracting universe follows naturally from 
Einstein 1 s gravity equation (though he tried to avoid this instability 
with a "patch" added to the natural equation). In the 1940s, Gamow and 
associates theorized that the big bang should leave radiation reaching us 
today from all directions. This "Gamow" radiation was forgotten, then 
accidentally discovered in the mid 1960s. By now it has been used to 
determine that the earth is moving "absolutely" at about (2/1000)c toward 
the galaxy Hydra. (About half of this speed is accounted for by consid¬ 
ering the sun’s motion around our galaxy.) There is no_better operation¬ 
al definition of absolute motion than with respect to a rest frame 
stretching to perhaps 18 billion light years in all directions. So it 
appears Lorentz was more correct than Einstein in his approach to Special 
Relativity. Relatively few other physicists seem to believe this these 
days, but I have confidence it will prove correct in the long run of 
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history. Moving clocks run slow and moving atoms contract. The vacuum 
itself must "produce” these effects. 

The modern electroweak theory and the "standard model" involve a 
uniform vacuum Higgs field. Similarily, the old quantum electrodynamic 
theory involved a dynamic vacuum of virtual pairs. The older version had 
the negative energy states all filled - a vacuum with infinite energy 
density; this is not compatible with gravitation. All of this points to 
problems with isotropy when one moves, absolutely, through the dynamic 
vacuum. The effects might be small but, I believe, they must be real 
and, in principle, could be detectible. Perhaps only subtle, low energy 
effects, such as the Lamb shift, would be able to show them. We must 
look for anisotropy effects where the virtual particles in the vacuum 
play their most significant part. The Michelson-Morley experiment failed 
due to equipment length contraction. Since the whole lab and earth are 
length-contracted, it may be difficult to see anisotropic, quantum 
effects. 

I believe, and have for over a decade, that quantum relativity is 
founded on Lorentz symmetry for some purely mathematical reasons, 
independent of Einstein 1 s metaphysics of moving observers and what they 
might see. This perspective gives us a new window on the basis equation 
and, I hope, a new inspiration for someone to successfully generalize 
them and merge them with quantum gravity. The supersymmetry efforts are 
somewhat along these lines, since group symmetries are guessed at. These 
have nothing to do with moving human observers. Yet, supersymmetry 
proponents overstress the foundation of 4-space, I believe. 

Let me now show why Lorentz symmetry fits the world of relativistic 
quantum physics and how moving observers are irrelevant at the 
fundamental level. The quantum equations and the ether dictate what 
moving observers will find, when they exist and move. They are not 
really important. 


QUATERNIONS 

Hamilton invented quaternions in the mid 1840s because the world is 
three- and not two-dimensional. They were "overthrown", about 1890, by 
Gibbs and Heaviside who invented vectors from them. Mathematicians 
showed in the early 1900s that quaternions are unique among all 
hypercomplex numbers that one can invent. This is "why" the universe has 
a 3 + 1 space-time structure! I have no doubt about this, though it is 
conjecture and must always be such. 

Mathematics links to physics in ways the Pythagoreans would be 
delighted to know about, were there any alive today. Our countably- 
infinite rational number system describes the world amazingly well. To 
get distributive and associative laws we must break the symmetry of the 
number line. We define 

(— 1 ) (— 1 ) = + 1 . 

There is a natural bias toward one half of the line. Since the negative 
numbers naturally relate to antimatter (which in turn naturally relates 
to backward time travel in quantum electrodynamics), the second law, our 
mental time bias, and the scarcity of antimatter in the universe probably 
all result from this natural asymmetry in the number line. Most 
physicists deny an asymmetry of the number line when I point this out to 
them. It is quite necessary, however, and very profound. 
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To achieve a sufficiently subtle and complex world, the basic 
mathematical substructure cannot be too simple. Otherwise, the big bang 
might produce only an expanding universe of gas and no people to 
contemplate its physics. There is a dynamic tension in the design — 
keep it simple and elegant yet not so simple that DNA cannot evolve and 
self-replicating beings of high intelligence come to exist, "fleetingly", 
before the second law reaps its due. 

We see in the mathematics that complex quaternions are needed. 

These eight-element hypercomplex numbers are isomorphic to the 2-by-2 
complex matrices. There are two natural conjugations, the complex and 
the quaternion, or symplectic. These conjugations give two natural Lie 
groups within this system. One is the Lorentz group, SL(2,C) with six 
parameters, and the other is SU(2) X U(l) with four parameters. They 
have the common subgroup SU(2) which "covers" the rotation group R(3) in 
3-space. Herein lies the why of Lorentz covariance, not in moving fleets 
of humans peering at experiments going by them. The dimensions of 
space-time and its basic symmetries are all tied to the simplest, elegant 
number system concepts - or so it would seem to me. 

But there is more. The complex quaternions only can deal with a 
quantum relativistic world of massless quanta such as photons, gravitons, 
and even neutrinos. That could have been all that our universe 
contained, in the design, and then we wouldn't be here to wonder about it 
all. To introduce rest mass is no easy task! A drastic generalization 
of the number foundation is needed. Dirac stumbled onto this in the 
1920s for the wrong reason. He thought Schrodinger's relativistic wave 
equation was inconsistent because of the second order time derivative. 

He hit upon the Diract algebra of 4-by-4 complex matrices. This algebra 
is nothing more than a dirct product of the two subsystems in the complex 
quaternion algebra. Thus, from our number mysticism perspective, nature 
"wanted" rest mass and perhaps intelligent beings, so the number system 
was enlarged in a natural and elegant way. 

I spent a decade analyzing physics from this radical perspective. I 
discovered that, as a hypercomplex number system, the Dirac algebra has 
four natural conjugations instead of twa. [This is sort of like two 
spin-1/2 subsystems giving rise to a spin-0 and a spin-1 (triplet) 
superstructure.] Sure enough, these four conjugations give rise to only 
two natural groups. One conjugation gives SU(2) X SU(2), with six 
parameters, and the other three, isomorphically, give the covering group 
of de Sitter*s group of rotations in 5-space with 10 paramters. [There 
are 10 planes in 5-space (coordinate pairs for rotation)]. Mathematical 
details have been published and a summary series of articles is being 
published in Speculations in Science and Technology as space allows, 
beginning with 7_ 9 289 (1984). 

FUTURE DIRECTIONS 

Within this elegant number theory context, we see the Dirac equation 
as an incomplete fragment. Space-time is naturally 6-dimensional, or 
possibly 10-dimensional or "both". We get quantum electrodynamics by 
setting one of these 6-dimensions to zero, setting to other to the 
empirical mass value of the quantum with spin-1/2, and also reducing the 
basic symmetry group to its principal subgroup, rotations in 4-space, 
i.e., Lorentz symmetry. 

Although the four conjugations naturally lead to a group covering 
rotations in 5-space, they just as naturally lead, minimally, to 6-space 
for the quantum world! Thus, the two extra dimensions are different from 
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gaeh other in a fundamental way! Perhaps this relates to hadrons and 
leptons or such. It certainly relates to something fundamental if my 
number mysticism is on the right track. 

This is as far as my insights have taken me. Action-at-a-distance, 
nonlocality, and subsequent collapse of the wavepacket, may all relate to 
these extra dimensions of space. Quantum theory is a stopgap theory, 
just as curved space 4-dimensional classical gravity is. There is at 
least one more physics revolution yet to come. (I hope we live to see 
it, but then that is a greedy attitude. We have had more than our share 
of physics revolutions in our lifetime). The best brains have struggled 
over this since the mid 40s with no substantial improvement in QED except 
perhpas for the electroweak force. So far, charmodynamics is unproved 
one way or the other. The same is true of 9- or 11-dimensional 
supersymmetry theories. We must keep trying all of these ideas, and 
others as expounded at this conference. I hope I can win a few bright 
converts to number mysticism, to use the number structures as if they 
were lab data to suggest new approaches to this, the biggest question of 
science: "What f s it all made of?” This is second only to the 

philosophical question, "What f s is all for, anyway?" Whatever the 
reason, we are here (I think) so we can play with problems of how it all 
works. There is no greater scientific challenge, unless perhaps it is 
how the brain functions. I doubt that these 6-*dimensional, subtle 
action-at-a-distance quantum concepts play an important role in the mind. 
Neuro-transmitters at junctions in 3-space or just chemistry may be all 
that is required for thought. The wiring circuitry is incredibly complex 
and poorly diagrammed so far; that is why I abandoned that field of 
study. I think the brain will prove to be a basically classical machine, 
and duplicatable (in principle) with each each neuron being stimulated by 
one microcomputer. This would produce an incredibly large, but classical 
array of interconnections and exchanges of information. Each 
microcomputer ("neuron") would be connected to thousands of others in the 
massive array of 10^ computers. The individual computers would simulate 
the subtle chemical biases and feedbacks that represent real neuron 
functions• 

Until quantum theorists can tell us why the muon is 200 times 
heavier than the electron, instead of say 2 times or 2 million times 
heavier, and until there is successful theory of quantum gravity, I won f t 
believe we know much more than how to predict the mass of the hydrogen 
atom, given the masses of a proton and an electron. In other words, we 
understand chemistry now but still not physics. I hope that 
supercolliders of the future will clearly show whether the theoretical 
ideas abounding today in particle physics have much validity. 
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APPENDIX 

The basic mathematical structure of nature is as follows. A Dirac 
algebra element, with 16 parts, consists of complex coefficients c^ and 
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associated with hypercomplex number basis elements e y and f y , as 
follows (sum on p = 0,1,2,3): 

D = C_ M (e ) + c T U (ie ) + d./ (f ) + d T y (if ). 

R p I p R p I p 

There is a 16-by-16 multiplication table for the e and f which is easy 

p p 

to memorize, [Edmonds, (1986-see above)]. The four basic conjugations 

D*, D , D*, and D v change various signs among the 16 elements in such a 
way that the antiautomorphic property holds: (D^^) = D 2 Dp etc. The 

D conjugation is the usual Hermitian conjugation of matrix algebra. The 
complex quaternion subsystem is described by the (e^), ++ icr y , elements. 

These are closed under multiplication. The cr y are the Pauli matrices 

(quaternions essentially). The f «-**• y , where y y are the Dirac matrices 

in the common notation handed down from Dirac*s original work. I have 
argued for a new, systematic notation, evolving from the quaternion 
substructure. 

The four natural groups are generated by D D = l(e Q ), etc. By 

examining their "infinitesimal" elements and Lie group commutator 

structures, we find that D D has 6 parameters, while the other three, 

D D, etc., all have 10 parameters and are equivalent. These describe the 
covering group of the de Sitter group, just as SU(2) covers the 3-space 
rotation group. 

We make physics contact by examining P = P . In the massless world 

this gives a 4-vectors: P = P y (e y ) = -iftS^e^). In the Diract algebra 

this becomes P = P y (e y ) + P 4 (f Q ) + P^(if Q ) = P^. The Dirac equation, 

Pi^ = 0, then follows from P 4 = me, P^ = 0 or from P 4 = 0, P^ = me. The 
Maxwell equation for massless photons, A, comes from the form 

[P P + (P P) ]A - Px [(P A) + (P A) ] = J = J y (e y ), with P 4 = 0 and 

P 5 = 0. In the more general case where P 4 *0 or P 5 £ 0, then P P is 
more complex in structure and gives a generalization of the Klein-Gordon 
equation. Rich subtlety abounds here in 6-space. There is much to be 
explored. 

Curved space-time can be added by making the e and f dependent 

y y 

upon space-time position (x^, x 4 , x 5 ). I used this to write Einstein*s 
gravity law in this language, in 4-space. It does not come out looking 
very elegant. It is not at all as pretty or as natural as the Dirac and 
Maxwell equations. This should suggest, the way to improve on Einstein*s 
gravity equation so as to make it fit within the natural quantum algebra. 
It may well be that no successful quantum gravity is possible at the 
quantum level in 4-space. Mass is crucial in gravity and it may well 
dissolve into new, subnuclear cyclic coordinates. 

This has been too brief a sketch of the mathematical backbone of my 
approach. The continuing series in Speculations in Science and 
Technology will eventually display all the details. 
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ABSTRACT 

The Non-Ergodic Interpretation of Quantum Mechanics is a local realistic 
particle attempt to confront the difficulties in the Foundations of Quantum 
Mechanics. It is described in this work using the double slit experiment 
which motivated it. It explains how a photon passing through one slit 
knows if the other slit is open or closed by assuming particles interact 
(interfere) with each other indirectly via an hypothesized medium with cer¬ 
tain memory type properties. It is assumed that when a sufficient number 
of photons with sufficiently identical properties consecutively pass through 
a region of the hypothesized medium they affect the average properties of 
the medium which in turn affect other photons that later pass through the 
same region. Crucial to this view is to imagine a medium which can be 
forced into stable "modes" by many similarly prepared photons consecutively 
passing it. 

A feasible experimental test is described. The polarization correla¬ 
tion experiments are discussed in relationship to this view. The joint 
probability question and the object-apparatus interface are commented on. 


I. INTRODUCTION 

The Non-Ergodic Interpretation of Quantum Mechanics is a local real¬ 
istic particle attempt to confront the difficulties in the Foundations of 
Quantum Mechanics. It is reviewed in this work using the double slit ex¬ 
periment which motivated it. This is done in Section 2. In Section 3 the 
interpretation is formally defined and several comments are made. Section 
4 describes a feasible experimental test. The polarization correlation 
experiments are discussed in relationship to this view in Section 5, where 
comments are also made on the joint probability question and the object- 
apparatus interface. It's relationship to Stochastic Quantum Mechanics 
is given in Buonomano and Prado. This work follows closely Buonomano 
(1985c). 
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II. THE BASIC PHYSICAL IDEA 


Consider the double slit experiment. The basic problem in trying to 
understand the physics of this experiment from a local realistic particle 
point of view is to explain how an individual photon passing through one 
slit "knows" if the other slit is open or closed. The Non-Ergodic Inter¬ 
pretation is based on the physical idea of photons interacting (interfer¬ 
ing) with each other indirectly via a hypothesized medium with certain mem¬ 
ory type properties. We now proceed to describe what we mean by this. 

We will assume that there exists a medium in empty space and that our 
laboratory is stationary in this medium. It is supposed to have certain 
(average) properties which affect the path of photons passing through it 
and vice versa. That is, we imagine that many consecutive photons (pre¬ 
pared in a sufficiently similar way) passing through a given small region, 

R, of space, affect the properties of that region, which in turn affects 
the paths of other photons that later pass through R. Here photons may 
interact (i.e., interfere) with other photons, but only indirectly via this 
medium with memory effects. In other words, a photon passing through one 
slit knows if the other slit is open or closed from the local properties 
of the medium (in the common path) which will contain this information from 
other photons actually having previously passed the other slit or not. 

Logically one might make an analogy of two professors who are never 
simultaneously in a room but communicate with each other by leaving messages 
on the blackboard. The experiments that almost never have two photons in 
the apparatus simultaneously, only eliminates the possibility that photons 
interfere directly (i.e., interact by "touching" so to speak). 

What is the Medium? 


We would like to emphasize that we are not presenting a concrete physi¬ 
cal theory. We are only talking about a physical idea of a medium with 
some sort of memory effects. One may try to justify this medium as a sto¬ 
chastic medium or as a fluid medium. One may wish to remain abstract and 
refer to it as a field, whose properties depend on what passed through it. 
One could think about vacuum states. One might talk about an index of re¬ 
fraction of the medium or field which depends on its past history, etc. 

Any future physical theory would have to somehow justify a medium of 
some type which can be forced into stable modes by many similarly prepared 
photons which consecutively pass through it. The Lorentzian invariance of 
this memory would also have to be dealt with. It should also be emphasized 
that despite the qualitative physical nature of the Non-Ergodic Interpreta¬ 
tion, it is completely testable and gives a version of quantum mechanics 
which is as well defined as either the Copenhagen or Statistical Interpreta¬ 
tions. This will become clear in the next section. 

Memory Development and Decay 

The existing interpretations of quantum mechanics predict that inter¬ 
ference must exist independent of the light intensity. This forces us to 
consider a more specific type of memory. We must imagine that we can ob¬ 
tain the same memory buildup in the,case of intense light, with relatively 
few photons and in the case of weak light, with many photons. That is, in 
this view, as one reduces the light intensity one must compensate for this 
by using many more photons (i.e., much longer time averages) in order to 
obtain the same level of interference. In the limit of infinitely low in- 
tensity light one must use infinitely many photons to condition the medium. 
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For example, one might choose to imagine the following. Consider an 
interference experiment (with both paths open) in which the apparatus is 
already aligned. Assume the photon intensity is I. The initial photons 
that pass will not show any interference pattern until a sufficient number 
of them pass to condition the medium. That is, interference will not be 
seen until the medium arrives in an equilibrium condition with the photons 
(i.e., with the state preparation). The number, N, of photons that will be 
necessary to do this will depend on the intensity, the bandwidth and perhaps 
the frequency. We will call N the memory development parameter. 

Note that once the medium is conditioned then we have a stable situa¬ 
tion and will continue to see interference until we stop photons from enter¬ 
ing the system or change the intensity. When we stop photons from entering 
the system, then the memory will decay with some characteristic decay time, 
x. Let 3 be the average time separation between consecutive photons at 
the given intensity. An important observation is that this x must somehow 
indirectly depend on 3 in order to be consistent with quantum mechanics. 
Another way of saying this is that for low intensities the memory buildup 
takes longer, but on the other hand the memory decay must be larger also. 

We are thinking of this memory as resulting from a dynamic equilibrium (or 
cooperative phenomena) between the intrinsic properties of the medium and 
the properties of the photons as a group (i.e., their state preparation). 


III. THE FORMAL VIEWPOINT 

Now we formally define The Non-Ergotic Interpretation of Quantum Mecha¬ 
nics. It assumes the same Hilbert Space Formalism used in both the Copen¬ 
hagen and Statistical Interpretations (Ballentine) except for the following. 

In these interpretations one associates the mathematical object, <A> = <T A| H / >, 
representing the average of the observable A in the state T, with the lab¬ 
oratory procedure of taking an ensemble average. Instead the Non-Ergotic 
Interpretation identifies this same object with the laboratory procedure 
of taking a time average. This is the onZy difference in formalism. Here 
we are making a different association between mathemat'LcaZ objects of the 
Hilbert Space Formalism and Zaboratory procedures than either the Copenhagen 
or Statistical Interpretations. The Non-Ergodic Interpretation always makes 
the same numeric predictions as the usual interpretations but it makes them 
only for time averages and not an ensemble averages. This point will be 
elaborated on in the next section. 

An additional point should be noted here. The Non-Ergotic Interpreta¬ 
tion identifies <T|A|T> with an average over laboratory time averages. That 
is, we must take our average over an ensemble of time averages. Each en¬ 
semble element is an entire experimental run. This interpretation is a 
statistical interpretation in the sense of Ballentine. 


IV. TESTING THE NON-ERGODIC INTERPRETATION 
Ensemble Versus Time Averages 

The Non-Ergodic Interpretation clearly gives different experimental 
predictions than the usual interpretations of quantum mechanics since it 
makes its predictions for time averages and not ensemble averages . For a 
true ensemble average it cannot agree with the usual interpretations in gen¬ 
eral. For example, in the double slit experiment, the conceptually correct 
laboratory average that ideally should be made according to the usual inter¬ 
pretations is the following. One should have many distinct independent 
identical apparatus with exactly one photon in each all prepared in the same 

state ¥. The superposed positions of all the photons in all the apparatus 
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must then show the appropriate interference pattern. The Non-Ergodic In¬ 
terpretation clearly predicts no interference whatsoever, since there can 
be no possibility of photons indirectly communicating with each other here. 
There can be interference only for time averages. 

Of course, an ideal ensemble average is not practical in both economic 
terms and due to our inability to exactly duplicate state preparations. 

All existing quantum mechanical experiments are time averages out of ne¬ 
cessity. They must implicitly or explicitly make an ergodic assumption 
that the time averages are equal to the ensemble averages.* Also in the 
spirit of the empiricist claims of the Copenhagen Interpretation, one might 
remark that strictly speaking the Non-Ergodic Interpretation is more con¬ 
sistent with the experimental evidence than either the Copenhagen or Sta¬ 
tistical Interpretations. 

An Experimental Test 

We now describe a feasible concrete experiment (Mermin) which avoids 
the necessity of taking a true ensemble average. Various other less in¬ 
teresting experiments have been described in Buonomano (1985c, 1980). Con¬ 
sider an interferometer arrangement with an ideal laser light source. As¬ 
sume we have only two counters which we take to be 100 percent efficient. 

They are to be positioned on the collecting screen at the expected minimum 
and maximum of the interference pattern. Also we may assume that equal 
number of photons will arrive at the two counters when one or the other 
of the interferometer paths are blocked. 

Imagine that we are doing an experiment with both paths open and are 
seeing a good stable interference pattern. For the sake of concreteness, 
say we are seeing a pattern with a .8 visibility. That is, 90 percent of 
the photons are going into one of the counters and 10 percent into the other. 
(For now we ignore the statistical fluctuations in the counting rates. 

Also, we only consider the total number of photons entering both of the 
counters when we mention a percentage.) Now quickly close one of the paths. 
The Non-Ergodic Interpretation predicts that 90 percent of the immediately 
following photons, all of which passed the unblocked path, will continue 
to go into the counter situated at the maximum. Further as more and more 
photons pass, the percentages will continuously change to 50 percent as the 
medium becomes reconditioned to the single slit situation. The immediately 
following photons are fooled, so to speak, by the medium, into acting as if 
both slits are still open. Of course, the Copenhagen and Statistical In¬ 
terpretations predict that the counting rate must abruptly change to 50 
percent in each counter when a path is closed, even for the immediately 
following photons. 

The opposite experiment may then be performed. That is, let one path 
be blocked and assume that we are reliably obtaining 50 percent of the pho¬ 
tons in each of the counters. Then quickly (i.e., in a time small compared 
with the average time separation of the photons) unblock the blocked path. 

The Non-Ergodic Interpretation would predict that 50 percent of the imme¬ 
diately following photons would continue to go in each of the counter. As 
more and more photons passed, this percentage would continuously change 


*It is sometimes said that a time average may be treated as an ensemble 
average if the system is reprepared between consecutive measurements. 

For example, in the double slit one could maintain that waiting a certain 
time is a repreparation of state (e.g., that time for which there is al¬ 
most never more than one photon in the apparatus at a time). Of course, 
this just changes one's assumption from being explicitly ergodic to one 
about what constitutes a re-preparation of the system. 
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until it stabilized at 90 and 10 percent respectively, in the counters. 
Again the usual interpretations would predict an abrupt change upon un¬ 
blocking the path. In particular, the latter percentages would be ob¬ 
tained for the immediately following photons. 

Some Statistical Comments on the Experiment 

We make some further remarks on the above experiment. Let N represent 
the number of photons that are necessary to recondition the medium (at the 
given intensity level) from one configuration to the other (one path open 
to both paths open or vice versa). We referred to N as the memory develop¬ 
ment parameter in Section II. It would only have some rough statistical 
significance. A problem with the above experiment might then be that the 
statistical fluctuations in the counting could be large in comparison to 
N. This would hide the effect that we are looking for and therefore in¬ 
validate our experiment. Let us consider some concrete numbers. 

First we recall some facts. Interference is, of course, a statistical 
effect. One cannot see or measure interference with one, two or just sev¬ 
eral photons. One needs a certain number of photons to see interference. 
More accurately one needs a certain minimum number of photons to claim 
that the measured visibility of the pattern is representative of the true 
visibility within a specified precision and probability. Quantum mecha¬ 
nics not only predicts interference, but it also predicts the number of 
photons necessary to see it (with a specified precision and probability). 
For example, one may calculate (Buonomano, 1985b) that 1600 photons (for 
an ideal laser light source) is sufficient to guarantee a measurement of 
the visibility with a precision of .05 and a probability greater than .95. 

In the above experiment, let us take the light intensity to be 1600/sec 
on the average arriving in both the counters together when both paths are 
open. Then when one of the paths is blocked, 400 photons on the average 
would be detected in each of the counters by our assumptions. Since laser 
light is Poissonian distributed, the standard deviation of the counting 
rate for a given counter is the square root of the average counting rate. 
This means that most of the time between 1440+/-40 and 160+/—13 would be 
detected in the two counters respectively with both paths open. With one 
path closed the figure would be 400+/-20. Therefore, the fluctuations 
in the counting rate can only hide the effect we are looking for if N is 
roughly smaller than 40. That is, if the memory developed with just 40 
photons. We do not consider this a limitation. 

Panarella's Experiment 

The low intensity interference experiments (e.g., Reynolds and Spar- 
talian) do not attempt to analyze the statistics of interference, that 
is, the number of photons necessary to obtain interference. Panarella's 
Experiment (Panarella) is an exception to this. Quantum mechanics (in 
the existing interpretations) predicts for laser light that if n photons 
are sufficient to guarantee good interference at a given intensity level, 
then the same number serves at any intensity level (Buonomano, 1985a). 
Panarella's experiment does not agree with this. He reports non-linear 
effects in the sense that the number of photons necessary to see inter¬ 
ference is not independent of the light intensity. More accurately he per¬ 
forms an experiment at a certain intensity level and obtains a good inter¬ 
ference pattern collecting a certain number of photons. He then dramatic¬ 
ally reduces the intensity, but collects roughly the same number of photons 
by increasing the collection time. Interference is not seen. The Non- 
Ergodic Interpretation is consistent with these results, but it would pre¬ 
dict that the interference must return if one collected sufficiently many 
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photons. More photons would be needed at the lower intensity level in order 
to obtain the same quality of interference.* 


V. BELL'S INEQUALITY AND SOME COMMENTS 

In this section we discuss Bell's Inequality and the polarization cor¬ 
relation experiments in relationship to The Non-Ergodic Interpretation. 

We first recall that Bell's Inequality is only derivable for an ensemble 
average and not a time average. That is, it validly characterizes that ex¬ 
perimental situation in which one has many identical apparatus and exactly 
one photon pair in each of the apparatus. Real laboratory averages are, of 
course, time averages and an ergodic type assumption must be made in order 
to interpret them as ensemble averages. Thus, it must be explicitly as¬ 
sumed that photons which consecutively pass through the apparatus are ab¬ 
solutely independent of each other (i.e., no memory effects exist). This, 
of course, may be true but there is no experimental evidence for it that 
we are aware of. 

It has been shown (Buonomano 1978 and Caser) that there exists non- 
ergodic local realistic theories which agree with Quantum Mechanics in the 
polarization correlation experiments. One may invent, for example, a theory 
which has the following properties. Consider the usual experimental ar¬ 
rangement in these experiments. That is, we have two distant polarizers 
with the photon pair source located between them. A first photon passing 
through a polarizer leaves the medium in the immediate vicinity, Rl, of the 
polarizer in a state which depends on the state of the photon and the po¬ 
larizer. A second photon passing through Rl leaves a neighboring region, 

R2, (somewhat closer to the source) in a state which depends on the state of 
the photon and Rl, and therefore, on the states of the two photons and the 
polarizer, etc. Thus, after many photons one may justify that the source 
depends on the state of the polarizer, and similarly for the other side 
(see Buonomano 1978). This is a valid local realistic theory and certainly 
may agree with quantum mechanics since the states of the polarizers and 
source are interdependent. But any future concrete physical theory would 
have to justify this type of feedback over time from the polarizers to the 
source. This example shows it is possible to invent a formal theory which 
would be consistent with all the polarization experiments except Aspect's 
last experiment (Aspect 1982). 

Note that if one increased the distance between the polarizers and the 
source, one may still agree with Quantum Mechanics but only by using many 
more photons to allow an equilibrium to set in. In this view the two 
polarizers, the source and the medium are one dynamical system which must 
reach a mutual equilibrium in order for the quantum mechanical predictions 
to be obtained. The above explanation is clearly invalid for an ensemble 
average. 

Another comment is that the Non-Ergodic Interpretation would point to 
a possible violation in Maltus's Law for the initial photons of an experimen¬ 
tal run. Only for a sufficiently long time average (i.e., for a sufficiently 
large number of photons) would one have to obtain the cosine squared law. 

The same comments could be made about the reflection and refraction laws 
(Scalera). It would be interesting to know if there was any data available 
that may give us the statistical development of the time average in these 
experiments. 


*One should take care here to note that it is only meaningful to count the 
number of photons in an interference pattern from the beginning of a physi¬ 
cal experimental run, and not from the beginning of a data collection pe¬ 
riod. 
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Aspects Experiment 


We now discuss Aspect's last experiment (Aspect). If in this experi¬ 
ment the polarizers were randomly switched between parameter values then 
the Non-Ergodic Interpretation could not agree with Quantum Mechanics in 
this experiment. This is because even if there is a mechanism for infor¬ 
mation flow between a polarizer and the source, the information must arrive 
at the source at a delayed time and therefore must be uncorrelated with the 
actual state of the polarizer. In Aspect's experiment the switching between 
parameter values is not random but periodic. One might imagine theories in 
which the polarization information about the parameter value of a polarizer 
is modulated by the commutator. In other words, one may justify saying that 
the source accumulates memory such that it knows when the photons leave the 
source what the parameter settings of the polarizers will be. 

A necessary condition for this to make sense is that the autocorre¬ 
lation time of the commutator switching be large in comparison to the time 
of flight of a photon between the source and the polarizers, or conversely 
the autocorrelation should be small in order to test the type of theory we 
are describing. Aspect (1976) intended to have this condition satisfied in 
his experimental proposal. In the actual experiment (Aspect 1982) this con¬ 
dition was not satisfied. Aspect has made this limitation clear, in par¬ 
ticular, in the preprint of his above quoted article. 

A Comment on the Joint Probability Question 

In The Non-Ergodic Interpretation, there is a logical mechanism for 
feedback between the measuring part of the apparatus and the state prepara¬ 
tion part. They are not independent. The measurement you choose to make 
affects the state preparation. The logical mechanism is simply our time 
average. (We have offered no physical mechanism for this feedback.) For a 
true ensemble average this would not make classical sense. In our view the 
phase distribution of the properties of our particles will, in general, de¬ 
pend on the observable (but only for a sufficiently long time average). 

This means that the marginality requirement (Cohen) is not valid here. 
Therefore, the conclusions about the non-existence of classical joint prob¬ 
ability distributions do not apply to The Non-Ergodic Interpretation (Mugur- 
Schachter, Buonomano 1980). 

This same comment may be applied to the question of understanding the 
object apparatus interface in quantum mechanics. In the Non-Ergodic Inter¬ 
pretation the properties of the object are not independent of the properties 
of measuring apparatus and vice versa for sufficiently long time averages. 

It says when you first begin an experimental run, they (the states of the 
object and apparatus) will be independent, but after a sufficient number of 
particles pass through the apparatus they will not. One may easily think 
of examples of this type of behavior from both the physical and social sci¬ 
ences . 
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INTRODUCTION 

Einstein's conception of the ether (ECE) is almost unknown by physicists 
and philosophers. The majority of them is even convinced that Einstein has 
removed the notion of the ether from physics for ever. In such a situation, 
a more detailed presentation of ECE is necessary to understand the applica¬ 
tions which it has found nowadays in the relativistic wave mechanics. 

A SHORT HISTORICAL OUTLINE OF EINSTEIN'S IDEAS CONCERNING ETHER 

In 1894 (or 1895) Einstein, being 15 (or 16) years old, wrote his first 
"scientific" paper (which he never published) entitled "Uber die Untersuchung 
des Atherzustandes im magnetischen Felde" . At that time Einstein believed 
in the existence of a stationary quasi-rigid luminjferous ether. He regarded 
it as an elastic medium and wondered in particular ^how "the three components 
of elasticity affect the velocity of an ether wave" which is generated when 
the electric current is turned on. 

As ETH student,Einstein wanted to construct an apparatus which would 
accurately measure the earth's movement against the ether . In 1901 he wrote 
a letter to his friend Grossman in which he told him: "A new and considerable 
simpler method for investigating the motion of matter relative to the light- 
ether has accurred to me" . In his speech at Kyoto University Einstein in¬ 
forms us about this method: 

"I tried to find the clear experimental evidence for the flow of the 
ether in the literature of physics, but in vain. Then I myself wanted 
to verify the flow of the ether with respect to the earth, in other 
words, the motion of the earth.When I first thought about this pro¬ 
blem, I did not doubt the existence of the ether or the motion of the 
earth through it. I thought of the following experiment using two ther¬ 
mocouples: Set up mirrors so that the light from a single source is 
to be reflected in two different directions, one parallel to the mo¬ 
tion of the earth and the other antiparallel. If we assume that there 
is an energy difference between the two reflected beams, we can measure 
the difference in the generated heat using two thermocouples. Although 
the idea of this experiment is very similar to that of Michelson, I 

did not put this experiment to a test. While I was thinking of this 

problem in my student years, I came to know the strange result of 

Michelson's experiment. Soon I came to the conclusion that our idea 
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about the motion of the earth with respect to the ether is incorrect, 
if we admit Michelson's null result as a fact. Thi^ was the first path 
which led me to the special theory of relativity". 

In 1905, having formulated the special relativity theory, Einstein began 
to deny the existence of the statioga^y luminiferous ether. He considered it 
as "superfluous" and wholly useless because according to the relativity 
principle an absolute space at absolute rest does not exist and because the 
electromagnetic fields have to be regarded as independent realities which 
are not states of a mediug. Einstein maintained even that:"the ether in the 
old sense does not exist" and propagated this opinion not only in^the scien¬ 
tific reviews but also in newpapers e.g. in the Vossische Zeitung. 

The history of the new (relativistic) ether conception began in 1916 
i.e. after the definitive formulation of the general relativity theory. The 
introduction of the new conception was provoked, in a certain sense, by H. 

A. Lorentz and Ph. Lenard. 

Lorentz wrote a letter to Einstein in which he maintained that the ge^ 
neral theory of relativity admits of a stationary ether hypothesis. In reply 
Einstein introduced a new definition of the ether: 

"state Aether" 

He wrote to Lorentz the 17 June 1916: 

"I agree with you that the general relativity theory admits of 
an ether hypothesis as does the special relativity theory. But this 
new ether theory would not violate the'principle of relativity. The 
reason is that the state g^ y = Aether is not that of a rigid body in 
an independent state of motion, but a state of motion which is ^ 
function of position determined through the material phenomena" 

As we see the physical space (connected closely with time) described 
by the symmetrical tensor g (g My = g 9AL ) was considered by Einstein as a 

relativistic ether. Einstein did not publish his new idea either in 1916 
or 1917. The first appearance in print of the new conception was provoked 
by Ph. Lenard.In 1917 Lenard published a paper against Einstein's relativi¬ 
ty theory entitled "Uber Relativitatsprinzip, Ather, Gravitation" . In this 
paper he maintained that in the general relativity the disqualified ether 
(disqualified by the relativity theory) came back under a changed name "Space". 

In reply Einstein wrgte an essay entitled "Dialog uber Einwande gegen die 
Relativitatstheorie" in which he published the above presented new defini¬ 
tion of the ether. This definition will be called by Einstein in the famous 
Einstein - Lenard discussion concerning ether and relativity theory in Bad 
Nauheim(1920): "Eine neuartige Definition fur den Begriff Ather"^ 

Einstein introduced three new models of the ether: 

(1) The first one is that of the special relativity theory. In the mathe¬ 
matical description of this ether the 10 components of the metrical tensor 

are constant q M , = (g^ = %22 = *^33 = ^44 = an< ^ t * ie other 6 components 

= 0). The ether of the special theory of relativity is rigid and to a certain 
extent four-dimensional. It is infinite and flat. Its metric is pseudo-eucli¬ 
dian. 

(2) The second one is that of the general relativity theory. In the mathe¬ 
matical description of this ether the 10 components of the g Mt , tensor are no 
longer constant. The space states described by the tensor g Ay can change not 
only from place to place, but also in time. The ether of the general rela¬ 
tivity theory is no longer rigid and flat. Its metric is pseudo- Riemannian 

(3) The third one is that of the unitary relativistic field theory. In the 
mathematical description of this ether the symmetrical tensor g ^ does no 
longer describe the ether in the complete way because the geometrical struc¬ 
ture of it is more than riemanian. New structure elements have to be intro¬ 
duced for a complete description of the ether because it has to determine 
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not only the inertio-gravitational phenomena, but also the electromagnetic 
ones. 

Summarizing we can say that since 1916 Einstein's physics of space- 
time became a physics of a new ether. Nevertheless, we must mention that 
after 1934 Einstein began to use the word "ether" less and less often, 
although he wrote still in 1938: "This word ether has changed its meaning 
many times in the development of s^ence... Its story by no means finished 
is continued by relativity theory" , and though he indicated still in 1954 
that e.g. the: "rigid four-dimensional space of the special theory of rela¬ 
tivity is to some extent^ four-dimentional analogue of H.A. Lorentz's rigid 
three-dimentional ether" 

THE REAL PHYSICAL SPACE CONSTITUES A RELATIVISTIC ETHER 
According to Albert Einstein: 

"There is an important argument in favor of the hypothesis of the 
ether. To deny the existence of the ether means, in Jjae last analy¬ 
sis, denying all physical properties to empty space" 

In Einstein's theory of relativity the three physical notions: "space" 
"ether" and "field" have found their complete unification through consequent 
identification. 

"Physical space and the ether, are only different terms for 
the same things; fields are physical states of space 

ECE presents Einstein's original interpretation of the models of phy¬ 
sical space constructed in his special and general relativity and in his 
unitary field theory. It constitues a gradual conceptual activation, dyna- 
mization and materialization of the physical space. According to ECE, in 
its most developed form, the physical space closely connected with time 
is not a passive and static container of events and not physically indiffe¬ 
rent or neutral arena of physical phenomena but an active and dynamic field 
which determines the inertio-gravitational, electromagnetic and other pro¬ 
cesses and produces even elementary particles. The real physical space, as 
an active field of this kind, possesses energy and therefore mass as well 
and that is why it is material. It constitues an active matter sui generis 
for which the term "ether" is the best name. 

The activation of the physical space 


It has "seemed utterly absurd to the physicists of the nineteenth cen¬ 
tury to attribute physical functions or states to space itself"^. It is 
not so in Einstein's theory of relativity, the physical space plays there 
a real active part in physical processes. When Einstein speaks about ether: 


"We are dealing with those things thought as physically real 
which alongside the ponderable matter composed of elementary par¬ 
ticles, play an important part in the causal nexus studied in 
physics" 


The "physically real things" mentioned here are the "real qualities 
of space" and that is why Einstein continues in the same paper: 


"Instead of speaking about ether, somebody might just as well 
speak about the 'physical qualities of space' 

According to Einstein's new conception, it is impossible to formulate 
a complete physical theory without an (at least latent) ether hypothesis, 
because every complete physical theory must take into consideration the real 
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properties of the physical space i.e. the "Milieu-Einflusse" . Somebody 
might not use the word "ether" but has to recognize that the physical space 
has real physical properties which play an active part in physical happening 
and therfore Einstein maintains: 

"The ether hypothesis was bound always to play a part even if it 
was mostly a latent one at first in the thinking of physicists"*^ 

According to ECE the absolute (i.e. independent from time and matter) 
space of Newton, because of its active "inertia-determining function"^ 
constitues one of the models of the ether* 7 . In this model: 

"Space was conceived as absolute in other sense also; its inertia 
determining effect was conceived as autonomous i.e. not to be influ¬ 
enced by any physical circumstances whatever; it affected masses but 
nothing affected it"*^ 

Einstein's special and general relativity and his unitary field theory, 
as it was mentioned already, have their own models of ether identified with 
the physical space. 

(a) In Einstein' special relativity model, where the ether became "to a 
certain extent four-dimensional"* 7 (because of the relativity of simulta¬ 
neity) the physical space accomplishes the active function "determining the 
inertial behavior of a test body introduced into it"*^ and has the physical 
property of transmitting electromagnetic waves"* 3 but "it no longer stands 
for a medium built up of particles" *^ or points* 7 and is no longer regarded 
as an immobile or stationary medium as it was supposed in the Newtonian mo¬ 
del of the physical space and in Lorentz's conception of the ether. 

"The special principle of relativity forbids us to regard the 
ether as composed of particles the movement of which can be follo¬ 
wed out through time, but the theory is not incompatible with the 
ether hypothesis as such. Only we must take care not to ascribe 
a state of motion to the ether" 1 

"The whole difference the special theory of relativity made 
in our conception of the ether lay in this, that it divested 
the /Lorentz's/ ether of its last mechanical quality namely 
immobility " 

"According to the special relativity, the ether remains still 
absolute because its influence on the inertia of bodies and on 
the propagation of light is conceived as independent of every 
kind of physical influence"* 7 

(b) The ether of Einstein's general relativity is no longer absolute in 
the above mentioned sense because "it not only conditions the behavior of 
inert masses but is also conditioned, as regarded its state by them"*^. 

Einstein's general relativity is incomprehensible without an active 
ether. 

"According to the general relativity space is endowed with 
physical qualities; in this sense, therefore, an ether exists. 

In accordance with the general theory of relativity space without 
an ether is inconceivable. For in such a space there would not 
only be no propagation of light, but no possibility of existence 
of scales and clocks, and therefore no spatio-temporal distances 
in the physical sense. But this ether must not be thought of as 
endowed with the properties characteristic of ponderable media, 
as composed of particles the motion of which can be followed; 
nor may the concept of motion be applied to it"*5 
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The general relativity ether manifests its activity through its function 
determining the inertio-gravitational behavior of the bodies and through the 
creation of elementary particles. A test body or particle which is only un¬ 
der the influence of the physical space is at rest or follows a geodetic 
(curved or straight) respectively in curved or locally flat spaces of re¬ 
ference . 

Einstein has at first occasionally noted the possibility that material 
particles might be considered as singularities of the material field but 
subsequently he arrived to the conviction that this point of view could not 
be accepted at all. "For a singularity brings so much arbitrariness into 
the theory that it actually nullifies its laws" He made therefore attempts 
to find solutions of general relativity field equations free of singulari¬ 
ties which might "be interpreted as presenting corpuscules"Together 
with Rosen, he found such solutions of the centrally symmetrical gravita¬ 
tional field equations for both the neutral and for the electrical particles. 
Having found them he repeated his opinion expressed in 1924^ that:"The 
neutral, as well the electrical particle is a portion of space"^ material 


space of corse. 

(c)In Einstein's general relativity (as in his special relativity) the 
electromagnetic field appears still as something which "fills space"^ i.e. 
as something which does not belong to the structure of the physical space 
described by the metrical tensor g . Since the real physical space was re¬ 
garded by Einstein as the "fundamental" or "total field"^ Q f all physical 
actions and not only of the inertio-gravitational one, he began to look for 
"a theory of the continuum in which a new structural element appears side 
by side with the metric such that it forms a single whole together with 
the metric"^. Thus the formulation of an unitary field theory became the 
main aim of Einstein's research programme. 

He often emphasized that the pseudoriemanian space-time described by 
the tensor g^ v does not constitue a complete description of the physical 
space connected with time. He made several attempts to generalize it e.g. 
through enriching "Riemannian space by adding the relation of direction or 
parallelism"^. He was even convinced that he "found the most natural form 
for this generalisation"^ in his "theory of unsymmetrical field"21( w hi C h 

he considered as his longtime sought unitary field theory) which unifies 
in his opinion the gravitational and electromagnetic interactions. 

The activity of the ether described by Einstein's unitary field theory 
is richer than that described by Einstein's general relativity because it 
includes also the electromagnetic interactions, but today Einstein's unitary 
field theory is considered as unsatisfactory. 


Dynamization of the physical space 


In the Newtonian physics the physical space was regarded by physicists 
as a changeless reality."Space was still for them, a rigid homogeneous some¬ 
thing incapable of changing or assuming various states".In Einstein's 
theory of relativity the physical space is no longer an immutable physi¬ 
cally indifferent container entirely foreign to modifications but a dyna¬ 
mic changing in time medium. 

(a) In Einstein's special relativity however, the ether is still "rigid", 

("The fourdimensional space of special theory of relativity 

16 

is just as rigid and absolute as Newton's space" ) 

but the fusion of space and time in Einstein's special relativity: "has to 
be characterized as dynamization of space"^as it has been indicated e.g. 
by M. Capek, because the physical space is no longer timeless. In Newtonian 
physics: 

"The true reality of space is timeless, change and succesion ^ 
belong merely to the physical processes, not to the space as such" 
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The fusion of time and space means an "incorporation of space into the 

physical becoming"^ # 

(b and c) In Einstein's general relativity and especially in his unitary 
field theory we are no longer dealing with the traditional distinction be¬ 
tween an immutable and static spatial container and its concrete and changing 
content. 

"Space as opposed to 'what fills space'... has no separate 
existence"^ 

For instance, in general relativity it is meaningless to speak about 
the gravitational field as being located in space when the whole reality 
of this field is reduced to the modifications of the noneuclidian spatio- 
temporal medium. The pseudoriemanian space-time with its curvature varing 
not only from place to place, but even in time, and in particular the idea 
of expanding and contracting space whose radius of curvature is continuesly 
changing and also the real vibrating and waving of the mentioned spatio- 
temporal medium show the "nonrigidity" and the dynamic nature of Einstein's 
relativistic ether. 

The idea of "nonrigid" and active physical space has been already in¬ 
troduced by Rieman^^. According to Einstein's relation, we owe to Riemann: 

"Anew conception of space in which space was deprived of its 
rigidity and in which its power to take part in physical events 
was recognized as possible"^ 

Materialization of the physical space 


On the basis of the principle of equivalence of energy and mass (formu¬ 
lated already in the special relativity) Einstein arrived at the following 
conclusions: 

(a) The real physical space (even though it was empty) as an active field 
possessing energy (and therefore mass as well) constitues an active matter 
sui generis i.e. an ether. 

(b) There is no a qualitative difference between the material physical 
space and the ponderable matter composed of particles. 

(b) The formulation of a consequent unitary field theory, where the mate¬ 
rial physical space constitues the primary matter producing the secondary 
one i.e. the elementary particles, must be possible. 


"The division into matter and field is after the recognition of 
equivalence of mass and energy something artificial...Matter is 
where the concentration of energy is great, field where the con¬ 
centration of energy is small.. But if this is the case, then the 
difference between matter and field is a quantitative rather than 
a qualitative one. There is no sense in regarding matter and field 
as two qualities different from each other. There would be no place 
in our new physics for both field and matter field being the only 

reality"13 


The mentioned "new physics" is the unitary field theory the formulation 
of which became Einstein's main research programme. According to this pro¬ 
gramme, the elementary particles have to be regarded as born in field and 
from field or in ether and from ether or also in space and from space. For, 
as we know, in Einstein's theory of relativity "field", "ether" and "space" 
are synonyms and they have to be conceived as the primary reality. 


"The strange conclusion to which we have come is this - that 
now it appears that space will have to be regarded as a primary 
thing and that matter is derived from it, so to speak, as a secon¬ 
dary result. Space is now turning around and eating up matter. 

We have always regarded matter as a primary thing and space as 
a sencondary result. Space is now having its revenge, so to speak, 
and is eating up matter. But that is still a pious wish"24 
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As we see, in 1930, the formulation of a unitary field theory was Ein¬ 
stein's pious wish. In an other paper, written also in 1930, Einstein empha¬ 
sized that the material physical space became for him the unique carrier of 
reality ("alleiniger Trager der Realitat")25. 

"The real is conceived as a four-dimensional continuum with a uni¬ 
tary structure of a definite kind (metric and direction). The laws 
are differential equations, which the structure mentioned satisfies, 
namely, the fields which appear as gravitation and electromagnetism. 

The material particles are positions of high density without singu¬ 
larity. 

We may summarize in symbolical language. Space, brought to light 
by the corporeal object, made a physical reality by Newton, has in 
the last few decades swallowed ether and time and seems about to 
swallow also field and the corpuscles, so that it remains as the sole 
carrier of reality"^ 

EINSTEIN'S RELATIVISTIC ETHER CONSTITUES AN ULTRA-REFERENTIAL FUNDAMENTAL 
REALITY 

Einstein does not identify ether with the "reference spaces" (the num¬ 
ber of which is infinite) composed of points and being at rest or motion 
with respect to each other. He identifies it with the "physical space as 
such" which is one and unique, not composed of points and to which the non 
tion of motion in the mechanical sense cannot be applied at all. Einstein's 
relativistic ether ERE i.e. the physical space as such is something ultra- 
referential. It does not constitue a reference frame and has not a proper 
reference frame. If ERE had had a proper reference frame it would have been 
at rest in it. ERE however is not a stationary ether. 

The ultra-referential physical space cannot be conceived as composed 
of immobile points because an immobile point constitues something totaly 
relative. An immobile point of a reference space constitues a set of collo- 
cal (or isotopic) events in this reference space. Since in Einstein's theory 
of relativity collocality is something totaly relative therefore the ultra- 
referential physical space is inconceivable as composed of immobile points. 
The Newton's absolute space is conceived as composed of immobile points, 
but not the ultra-referential Einstein's physical space as such. 

Every point in the four-dimensional world has its world-line and there¬ 
fore an extended entity composed of points (such as e.g. a reference space) 
can be presented in such a world as a set of world-lines. The extended ERE, 
of course, cannot be presented in such a manner. 

"In the language of Minkowski this is expressed as follows. 

Not every extended entity in the four-dimensional world can be 
regarded as composed of world-lines 

The physical space as such is closely connected with time as such. 

It is important to note that the time as such is also an ultra-referential 
reality. There are infinite reference times intimately connected with their 
proper reference spaces but there is only one and unique ultra-referential 
time as such. The ultra-referential time is not composed of moments like 
the ultra-referential space is not composed of points. A moment constitues 
a set of simultaneous events which belong to it. Since in the theory of re¬ 
lativity the simultaneity is a strictly relative thing the ultra-referential 
time cannot be composed of moments. Nevertheless, the ultra-referential 
time is something "extended" composed of past, present and future. With 
respect to a freely chosen event considered as present there exists always 
a set of events which are absolutely past, and a set of events which are 
absolutely future. Every reference time is one of the possible orientations 
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in the ultra-referential time. The ultra-referential time rends possible 
an infinite set of reference spaces. 

The ultra-referential physical space is with respect to the reference 
spaces a more fundamental reality. The reference spaces are quasi-objects 
which move with respect to each other in the ultra-referential physical 
space but not with respect to it. The ultra-referential physical space rends 
possible the existence and motion of the reference spaces but it does not 
move at all in the mechanical sense. 

On the other hand, the ultra-referential space is never passive or 

quiet. Einstein considers the nonatomically and nonmechanically conceived 

ether as the fundamental source of every physiacal activity, the creation 

of particles included. His presentation of this activity, (except the iner- 

tio-gravitational one), cannot be considered today as satisfactory. In this 

point Einstein's research programme cannot be regarded as accomplished in 

a definitive way. __ 

JL o 

Novadays this programme, as it has been shown by Faddeev , is conti¬ 
nued in those hypothesis in which the elementary particles are presented 
as solitons on top of an active field. One of the reasons of Einstein's 
ill-succes was the lack of the introduction of the constant of Planck into 
the description of ether activity. In the creation of the elementary par¬ 
ticles however, the elementary quantum of action must play a fundamental 
part. 

EINSTEIN'S CONCEPTION OF THE ETHER UP-TO-DATE APPLICATIONS IN THE RELATI¬ 


VISTIC WAVE MECHANICS 
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In 1923 ' and 1924 L. de Broglie having introduced Planck's con¬ 

stant into Einstein's special relativity through the identy me 2 = hv which 
constitues the most basic assumption of his relativistic wave mechanics, 
discovered the relativistic waves called "waves of matter". This discovery, 
in our opinion, proves the real existence of ERE active excitation descri- 
bable in the reference frames by wave functions. L. de Broglie however, 
formulating his wave mechanics, did not use the notio^of the ether at all 
but later, as his collaborator J.-P. Vigier testifies took into conside¬ 
ration the possibility of an introduction of such a notion. He taked e.g. 
about the "deeper background of space" 

J.-P. Vigier, F. Halbwachs, F. Piperno, A. Kyprianidis, D. Sardelis 
et al. 22-2 ^ developing de Broglie relativistic wave mechanics in the frame¬ 
work of so-called Stochastic Interpretation of Quantum Mechanics (SIQM) 
opposed to the Copenhagen Interpretation use Einstein's conception of the 
ether. In SIQM this conception became however completed by Dirac's concep¬ 
tion of the ether 22 . According to J.-P. Vigier et al. Einstein's relativis¬ 
tic ether i.e. the material g -field is filled with Dirac's covariant ether 
like vacuum- 34 which constitues a mixture of endowed with spin J = 0, J = 1/2 
and J = 1 extended particles and antiparticles. Such a covariant mixture 
constitues according to J.-P. Vigier et al. a background sea at absolute 
zero temperature on which the de Broglie real waves travel. Every particle 
(considered in SIQM as an extended entity) is surrounded by a real de Bro¬ 
glie wave. Since the Dirac's non empty vacuum constitues a mixture of par¬ 
ticles and antiparticles a de Broglie "pilot" quantum wave has to be regar¬ 
ded as a superluminal phase like collective drift and random motion on top 
of this non empty vacuum which implies subquantal fluctuations or jumps 
at velocity of light. 

J.-P. Vigier emphasizes that Einstein's relativity theory is perfectly 
compatible with such an underlying relativistic stochastic ether model and 
that inherent to this model is Einstein's idea that quantum statistics re¬ 
flects a real subquantal physical vacuum alive with fluctuations and ran¬ 
domness. The concept of a non empty vacuum has been revived not only to 
yield a foundation to the SIQM but also to explain causally possible non¬ 
local superluminal interactions resulting from Einstein-Podolski-Rosen pa¬ 
radox. 2 
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J.-P. Vigier in his paper entitled "Non-Locality, Causality and Aether 
in Quantum Mechanics"^ revisits Einstein's conception of the ether presented 
by Einstein in the essay "Uber den Ather"^ in the light of recent develop¬ 
ment in SIQM. He adds in this article to the usual g y terms stochastic 
<5g />v terms and describes space-time as a real subquantal covariant random 
medium which implies subquantal fluctuations. Thus the material space-time 
is considered by him as a fluctuating $q uv -field. 

Einstein's relativistic ether and the "three-waves hypothesis" 


Einstein's conception of the ether is also used in the "three-waves 

O 7 _ O Q 

hypothesis" (TWH) proposed by the author in 1978 also in the frame¬ 

work of de Broglie relativistic wave mechanics. The TWH constitues an attempt 
to develop some ideas of Einstein's research programme concerning the ele¬ 
mentary particles. In Einstein's research programme the elementary particles 
are conceived as "fields of particular kind" ("Felder besonderer Art"17) 
which constitue "particular states of space" ("besondere Raum-Zustande" 17) 
Remaining in the framework of Einstein's programme and using de Broglie 
concept of "wave field" ("champ ondulatoire"^' ^) the TWH presents the 
elementary particles as particular threefold wave fields (TwFs) which con¬ 
stitue particular states of the material physical space i.e. of Einstein's 
relativistic ether. 

The TwFs can be observed from infinite reference frames. In the TWH 
they are studied, for the time being, only in the locally inertial refe¬ 
rence frames i.e. where in the mathematical description, the components 
of the g^ytensor describing the gravitational potentials of the real phy¬ 
sical space are constant and where the Christoffel symbols vanish i.e. 
where in the physical space the state of weightlessness governs. In such 
reference frames the physical quantities of the TwFs are varying according 
to the linear Lorentz transformation law and therefore the mathematical 
formalism of special relativity can be used. 

A relativistic material TwF constitues an extended vibrating field 
with a central point at rest in its proper reference frame. In such a re¬ 
ference frame it has a proper period T 0 , frequency V Q and energy E 0 = hV Q 
concentrated around the central point. Having energy the TwF has also mass 
m Q concentrated around the central point as well. The central point of the 
TwF constitues its center of mass (CM). The TwF has also an incessantly 
vibrating center of energy (matter) density (CED). The CED vibrates in the 
circumambiency of the CM. The CED as distinct from the CM has been intro¬ 
duced (by means of a hydrodynamic model) into the relativistic wave mecha¬ 
nics by Bohm and Vigier 

The frequency of the CED vibration is equal to that of the TwF and is 
in phase with it where the CED vibrates. The CED vibration as a CED vibra¬ 
tion of a wave field is wave-like i.e. its frequency transforms according 
to the eq. V = V Q (1 - v 2 /c 2 ) as opposed to the frequency of a clock-like 

vibration which transforms according to the eq. y = V Q (l - v 2 /c 2 )^^. There 
is no a reference frame of the central point of the TwF in which the CED 
does not vibrate. Also in this sense Einstein's relativistic ether is never 
quiet. The CED as an active oscylating point "produces" in Einstein's relati¬ 
vistic ether two wave fields'. One propagating at superluminal velocities 
(from <mto c) and another propagating at subluminal velocities (from 0 to c) . 

(1) The superluminal wave field constitues the first component of the TwF. 
The CM and the CED are surrounded first of all by de Broglie wave field (BwF) 
the waves (B-waves) of which are described by the well known function: 

y/ B (x,y, z ,t) = a exp £2 Tf iV(t-x/u)j 

(with well determined amplitude a) and characterized by the physical quan¬ 
tities: phase velocity u = c 2 /v^-c, and wavelength = h/mv = (h/E) u 
(where c is the velocity of light and v the velocity of CM). 
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(h/c 2 )V u (momentum of Einstein's relativistic ether 
B 


According to the TWH, the BwF constitues a particular kind of superlu¬ 
minal radiation which does not transport energy but transports a special 
kind of momentum p ; 
wave excitation)39. 

The BwF penetrates the whole empty space (i.e. the unoccupied Einstein's 
relativistic ether). In the proper reference frame of the TwF, the BwF is 
characterized by an infinite wavelength of its waves and propagates at infi¬ 
nite phase velocity in all directions begining from the central point. If in 
a locally inertial reference frame (which constitues our laboratory frame) 
the CM moves at constant velocity v e.g. in the +x direction along the x axe, 
then the BwF appears as propagating from the central point at different su¬ 
perluminal velocities in different directions: from the infinite velocity 
in the direction parallel to the y,z plane to the least one u = c 2 /v c 
in the +x direction (where v +x is the velocity of CM). The wavelengths of 
the B-waves (of the BwF propagating in this way), diminish from the infinite 
wavelength in the directions parallel to the y,z plane to the shortest one 

= h/mv, = (h/E)u in the +x direction. 

B +x +x 

+x 

In all directions which are not parallel to the 
rallel to the 


+x axe 

but greater than u 
^ +x 


but longer than A 


y,z plane and not pa- 
the BwF propagates at velocities smaller than infinite 
and its B-waves have wavelengths shorter than infinite 


B 


+x 


If we place “ a set of observers (stationary with respect to the la¬ 
boratory frame) on a plane parallel to the y,z plane in a certain distance 
from the y,z plane in the +x direction, then the CM (moving along the x axe) 
moves only in the direction of one observer A 0 which is placed where the 
mentioned plane intersects with the x axe. The CM can move only in a unique 
direction but it approaches other observers of the plane as well at varying 
velocity smaller then v . The shortest distance of approach is equal A A 


+x 


At that moment the velocity of approach is 


n 


when the CM meets A 0 . 
equal to zero. The CM does not meet other observers but the BwF arrives at 
all of them and it is important to note that it happens at the same time. 

This relativistic effect can be presented by means of geometrical diagrams. 

We will note here only that this effect is a simple consequence of de Broglie 
relation c 2 = vu. The slower the CM approaches an observer the faster the 
BwF propagates in his direction and therefore the propagating BwF meets all 
the observers even the most distant ones at the same time. The B-waves sur¬ 
faces of the BwF appear to them as planes which approach at velocity u equal 
to the phase velocity u + ^ of the B-wave which meets the observer A 0 . 

(2) The BwF, if observed from different reference frames has different 
relativistic images in every of them. These images if observed from the la¬ 
boratory frame constitue a particular superimposition of B-waves. L. Mackinnon 
who is the first who indicated this relativistic effect has also shown that 
it constitues a nondispersive wave-packet having properties of a soliton^^"^^ 
Mackinnon's soliton is characterized by a Compton transforming wavelength 


(1 - v 2 /c 2 )1/2 an £ an intrinsic phase velocity c. It is desribed 
in our laboratory frame by the function: 


with k = m.c/h, r 


^ c (r,x,t) = £sin (kr)/krj 
= £(x-vt) 2 /(l -v 2 /c 2 ) + 


exp 


+ z 


£i(6J t 

v n 


3 


k 0 x) 


GU = me 2 /ft. 


k D = mv/ft 


The solitary C-wave constitues the second component of the TwF. Its 
formation can be presented by means of space-time diagrams^. Mackinnon's 
solitaon constitues an extended material microobject in the proper sense. 
The energy and the inertia of the TwF are closely connected with it. The 
nondispersive wavepacket forms itself where the B-waves are in phase and 
where therefore the amplitude of the packet is the greatest. The energy of 
the TwF is therefore concentrated in the solitary C-wave. Hence the CED is 
located inside the Mackinnon soliton and the inertia of the TwF is related 
to the amplitude terms of thesolitary C-wave 
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(3) The mentioned above subluminal wave field (introduced in 1978 by the 
author^) the waves of which are described by the function ; 38,39 

^ D (x,y,z,t) = a exp J-2/fiV (t-x/v)j 

constitues the third component of the threefold wave field (TwF). Its pro¬ 
perties are in a certain sense opposite to those of the BwF and therefore 
it can be named as dual to the de Broglie wave field (DwF). Its waves (D- 
waves)* are characterized by the phase velocity v ^c, wavelength h/mu= 
(h/E)v and momentum p D = (h/cMv^v. 

The DwF, if observed from the proper reference frame of the TwF does 
not propagate at all. Its velocity and wavelength of propagation are equal 
to zero in all directions begining from the central point. In the proper 
reference frame the DwF manifests itself only through the CED vibration as 
a merely local periodic phenomenon of frequency V Q . If observed from our 
laboratory frame, the DwF propagates in different directions at different 
subluminal velocities: from the velocity equal to zero in the directions 
parallel to the y,z plane to the greatest one in the +x direction equal to 
the CM velocity. The wavelengths of DwF propagation increase from zero in 
the directions parallel to the y,z plane to the longest one in the +x di¬ 
re ction 

1 _ = h/mu = (h/E)v 

D +x +x 

+x 

In all directions which are not parallel to the y,z plane and to the 
+x axe the DwF propagates at velocities greater than zero but smaller than 
v +x and has wavelengths longer than zero and shorter than ^ D+x - 

The DwF propagates like expanding sphere the diameter of which 

increases in the direction +x. If we single out three points AOB of this 
diameter, then A does not move, 0 moves at velocity (1/2)v and B at velo¬ 
city v equal to the CM velocity. The DwF follows the CM and propels it. 

The DwF front does not arrive at all our laboratory frame observers at the 
same time.(It reaches together with the CM the A 0 observer the first). This 
relativistic effect is a simple consequence of the TWH relation37,38 



based on the mentioned de Broglie relation. The TWH relation can be presented 
as follows 


C 2 T 2 = (uT ) (vT ) 


1/2 


(where T = T = T /equal also to T ^ = T.(l - v 2 /c 2 ) /, because conditions 

\ C B D CED ° 


of local metrical homogeneity govern in our laboratory frame). The faster 
the BwF approaches an observer the slower the DwF propagates in his direction. 

In our laboratory frame, the trajectory of the CM will be a straigth- 
line. The trajectory of the vibrating CED will have in a certain sence a 
wave-like form. The wavelength of such a wave-like trajectory is equal to 
the wavelength of the D-wave propagating in the +x direction 


CED 




traj 


D 


+x 


v T 
+x D 


*In my unpublished paper written in 1978 the D-waves are named by me V-waves 
because of their subluminal velocity v. The name D-wave (dual to the de Bro¬ 
glie wave) has been introduced by R. Horodecki who on the basis of my un¬ 
published paper (presented to him for an estimation) has formulated his own 
version of the TWH. In his works (Phys. Lett: 87 A:95 (1981); Phys. Lett. 91 A: 
269 (1982); Phys. Lett. 96 A:175 (1983); Lett. Nuovo Cimento 36:509 (1983) 

R. Horodecki propagates, develops and modifies my TWH. He thanks me for the 
basis provided for his works in Phys. Lett. 87 A:95 (1981), see p.97. 
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Thus the D-wave manifests itself, in a certain sense, through the CED 

+x 

vibration. 

In our laboratory frame, The DwF carries the C-wave soliton on its 
wavefront at the point which which propagates the fastest i.e. where we 
find the wavefront of the longest D-wave and in the direction indi¬ 
cated by the wave vector: +x 


k D =21i/ \ 

+x +x 


CONCLUSION 

The conclusion of this paper is the following. An elementary paricle 
can be presented as a threefold wave field (TwF) on top of Einstein's re¬ 
lativistic ether (ERE). In such a TwF the C-wave soliton constitues an ex¬ 
tended microobject in the proper sense. Such a microobject stores up the 
whole energy of the TwF in its intrinsic C-wave vibration, has inertia pro¬ 
perties and is characterized by a transforming Compton wavelength. The Comp¬ 
ton wavelength of the intrinsic C-wave vibration belongs to the internal 
structure of the microobject. 

An elementary particle however, is not only a microobject but also an 
extended widespread wave field composed of the BwF and the DwF. The super¬ 
luminal BwF precedes the soliton-microobject preparing the way for it among 
different obstacles^ - ^. Other solitons-microobjects are obstacles for the 
BwF and the DwF. The BwF is responsible for all reflexion, dyfraction, inter' 
ference and suprluminal correlation phenomenaThe DwF follows the 
soliton-microobject and propels it in the space-time where the BwF has pre¬ 
pared the way. It is responsible for all energy exchange phenomena because 
carring the soliton-microobject it carries also its energy and inertia*^. 

All the three wave fields are relativistic wave fields on top of Ein¬ 
stein' s relativistic ether. Their physical quantities are intimately inter¬ 
connected and correlated^^""^^. Their interconnection andcorrelation find 
an expression e.g. in the following equations: 


lc = \ \ 


k* = k k , 
C B D 


P B P D 


(where k Is the wave number^and p^ the intrinsic momentum of the solitary 
C-wave; k g and k^, ]? and p^ the respective wave vectors and momenta of 
the B-waves and of the D-waves). 

Summarizing we can say. The physical space (closely connected with 
time) conceived nonatomically and nonmechanically (i.e. ERE)constitues a 
material active subquantal medium the activity of which manifests itself, 
among other things, through the creation of the elementary particles. We 
are able to descibe this creation if we use de Broglie introduction of 
Planck's constant into relativity theory. 
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DISCUSSION V. 


Compiled and interpreted by D.W. Kraft and E. Panarella 


Edmonds . To how many digits will the theoretical Lamb shift agree with 
experiment in the worst case? I saw a paper eight or ten years ago which 
claimed agreement to seven or eight places. 

Belinfante . The fine structure constant is known to six digits, and the 
calculation is based on the fine structure constant. I don't trust the 
seventh and eigth digits because the a to a power comes in. 

Edmonds . Why have the people who wrote that paper missed all the things 
you say are wrong? 

Belinfante . Many of those who worked in this field were fascinated by 
Feynman diagrams which are appropriate for the high energy part of the 
calculation. This is nice from a mathematical point of view. 

Essentially, these are higher order calculations and some errors were 
later found. But in the lowest order, the calculation is nothing more 
than taking French-Weisskopf and putting it in fancy form so you can 
understand better why it's covariant. 

Edmonds . You didn't give a number. Will the theory and experiment agree 
to at least three or four digits? 

Belinfante. Right now I know nothing; I have to convince myself that if 
you don't make crazy assumptions, you still get the right answer. Then I 
will say that there is perfect agreement, and I hope there is because I 
like quantum theory. 

Aspden . Do you know of alternative explanations of the Lamb shift? I 
recall for example seeing some proposals based on stochastic 
electrodynamics. 

Belinfante . I don't know that work. Weisskopf wrote an early paper, 
based on ideas of Welton, that considered vacuum fluctuations but 
provided only a qualitative understanding. 

Greenberger . A number of textbooks include quick and dirty calculations 
based on vacuum fluctuations that provide order of magnitude agreement. 

Marshall . I'm sure you can't improve on the first few digits, because 
stochastic electrodynamics is not capable of giving the hydrogen 
spectrum; that is, it does not give you even the zero-th order correctly, 
so, in my opinion, you can't do any better that the Welton calculation. 

Selleri . I think the approach outlined by Edmonds can be described as 
neo-Platonist. Your ontology is really made of mathematics and your work 
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contains mathematical simplicity. It is well to remember that Feynman 
has a similar approach to physics which has led him to great successes. 
Now we start understanding that an approach of this type is not really 
defensible, although it is an important part of modern science. We know 
that mathematics works beautifully in many cases, and we know that we do 
not understand why it works so well. Einstein wrote this several times. 

I want to stress that not all of reality, and certainly not all of 
science, can be based on mathematics. Two examples of this are Kepler*s 
failed attempt at construction of a model of the Solar System, and 
Darwin*s Origin of Species which contains not a single equation, but 
whose great lines of the development of life have been confirmed by 
modern molecular biology and genetics. 

Also, I believe that ideas of space-time were given up too easily by 
the Copenhagen School. If it is proven that we must give up these ideas, 
so be it, but let that be because additional research compels us to do 
so. One beautiful feature of this Conference has been the attempt by 
several individuals to build models in space, time, and causal terms. 

Edmonds . I think we all have a natural desire to picture the world 
neatly in our imagery. But in order to start with gases and end with 
people, I suspect that the laws would have to be so weird and abstract 
that they may be beyond human comprehension. 

Secondly, with regard to evolution, that discovery was an important 
one because it helped to discredit the idea that miracles must be 
included to explain the world as we see it. But in modern terms, the 
basic paradigm of science makes Darwin*s work trivial, for if we start 
with hydrogen gas and end up people and no miracles in between, then 
there had to be evolution? it is merely a question of working out the 
details. It is essentially quantum physics operating over a massive 
scale of many, many particles and many, many years. Eventually, those 
details should, in principle, be worked out. 

Honig . Mathematics is a tremendously fertile field at the present time 
and is undergoing a period of flowering. The field of nonstandard 
numbers andrin particular, the transfinite numbers, are concepts into 
which one can pack ideas, such as those we have been talking about, 
extremely neatly, and then pull them out and manipulate them in ways that 
give explanations and a clearer overall picture of the inconsistencies 
and paradoxes. 

Greenberger . A number of years ago I worked out a variable mass 
formalism based on scale transformations. From that point of view, the 
mass gets built into the theory which then becomes a five-dimensional 
theory. I also found that the Dirac equation, when written in such a 
five-dimensional space, has the sort of structure that you talked about. 

I would like to point out then that just beyond the Dirac equation, there 
are structures that can include your approach. 

Marshall . I would like to support Selleri*s remarks that advances on 
fundamental questions are made by using our notions of space and time and 
not by the use of mathematics. Edmonds appears to prefer quaternions to 
vectors, because the quaternions are more bizarre? I would say that we 
should stick to vectors. 

Edmonds . Responding first to Honig, I don*t think that higher infinities 
and that sort of mathematics will be applicable to the real worlds. I 
think the dense set of numbers and the rational numbers will suffice to 
describe the world, and theories based on these numbers will be the only 
ones that human beings will be able to test. With respect to 
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Greenberger's comment/ I am glad to see someone thinking about higher 
spaces for I think this is where the future lies and mass has to be 
replaced by a deeper level. Quantum physics is quite elegant when 
written in quaternion language, while f Einstein's equation is not. That 
suggests to me that Einstein's equation is in need of improvement so as 
to get it to fit this language - there is a hint there that Einstein's 
gravity equation is not complete, which may be why they have not yet been 
able to quantize it. As for bizareness, it, like beauty, is in the eye 
of the beholder. I take the position that if you examine the progression 
from nonrelativistic classical physics to relativistic quantum physics, 
you see an enlargement of the number systems which elegantly and 
naturally describe that progression. That evolution has successfully 
provided deeper levels of understanding in terms of comparison with 
experiment. This should lead us to a generalization of that trend into 
something more sophisticated and to a deeper understanding of the world. 

Greenberger . I know of two experiments that bear on Buonomano's ideas. 
One is an electron interference experiment done at Tubingen, in which 
interference patterns from various numbers of electrons were obtained. 
Even when there are just a few electrons, you can see that they s^em to 
know where to go, or not go, in the interference pattern. The other was 
a neutron interference experiment done by Rauch. He compared the case of 
blocking the neutrons with an absorber that passes, say, 10% .of the 
neutrons, versus the case of blocking 100% of the neutrons, 90% of the 
time, so that 10% of the time they go through unaffected. He found 
different interference patterns for these two cases. 

Panarella . But this is identical to what I find with photons. Given the 
same number of photons at different photon fluxes, I do not obtain the 
same diffraction patterns. Such nonlinearity, which I believed was 
peculiar to photons, seejns to be applying to neutrons also. There seems 
to be problems therefore in proving the wave-particle duality for 
neutrons, because a single particle phenomenon has to be linear. 

..: X^ 

Buonomano. I don't think that electron, experiment applies to what I 
said, because of the way they collect the electrons. It is difficult for 
me to say whether the neutron experiment is applicable. I should point 
out the effects I described are transient effects and, although I would 
like to analyze existing e^gperiments in terms of them, if the 
experimenter isn't paying attention to what I am interested in, it's very 
difficult to analyze the data. 

Surdin . Not long ago, I did just what you explained here. The zero 
point field goes through the polarizer, stimulates the emission .of the 
source, and when the emission returns to the polarizer, it has tiie Same 
polarization and there is a cosine squared dependence on the,angle* I 
have performed certain modifications of this scheme by modulating the 
polarizer, with interesting results which I can show you. 

Phipps . I gather you've made your peace with quantum mechanics, but it 
seems to me you still have to make your peace with relativity principles. 
You are imputing to the medium itself the physical mechanism of 
interference; this would suggest to me that there must be something there 
which must have a state of motion. This then introduces the ether wind, 
and if we are traveling toward Leo at 400 km/sec, then every microsecond 
you are conditioning a medium that's being swept away 40 cm. 

Buonomano . Absolutely right. My apparatus is stationary in the medium 
and one would have to physically justify the medium and worry about 
Lorentz invariance. 
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Edmonds . Your model must also deal with the phenomenon of a particle 
being in two slits at once and by being able to tunnel through a barrier? 
this means that it has to sense the barrier thickness before it gets 
there in order to know the probability of tunneling through. Imagine if 
each of 10,000 people took their finger and hit it against the next one? 
then there is a finite nonzero probability that someone's finger would 
tunnel through. If we each did this only once, then according to your 
theory no fingers would go through because the medium isn't conditioned 
yet. Consider instead, if just I hit my finger 10,000 times, each time 
my finger comes down, it conditions the medium differently, so that, 
eventually one finger will be able to tunnel through because the medium 
has been altered by enough fingers approaching it prior to that. 

Another thought is, why can't you put 10,000 pairs of slits around a 
single source with two photomultipliers behind each one, flash this once 
so the pairs catch on the average one photon in each pair, and do an 
ensemble average that way, and add up all those individual clicks and 
then see if you can put back together the interference fringes or not? 
Such an experiment could show whether your model is really valid. 

Buonomano . I'd have to think about that. 

Marshall . I found Kostro's cultural and historical introduction 
wonderful and fascinating. I also found absolutely in tune with my own 
ideas of the ether what I could perhaps describe as the Kostro filtering 
of the Einstein view of the ether? presumably we cannot get an overall 
picture of the Einstein view because he is not here, but I think the 
Kostro filtering was extremely interestng. It fits with my idea of the 
SED description of the ether and I would say that within this 
persepctive, we have some recent verifications of this picture. The SED 
ether, as developed by Planck and Nernst, was precisely of the same kind 
as Kostro described for the Einstein ether, i.e. an ether in which it is 
not meaningful to speak about the motion of the ether, or motion relative 
to the ether. The basic property of the spectrum which is given by SED 
is the same for all inertial observers. Recently, accelerations with 
respect to this frame have been studied. Whether one uses the quantum or 
the semiclassical description of the zero point field, it was found that 
the ether can be detected because it warms up. There is here some 
physical justification of an ether which can be observed only when you 
are in accelerated motion with respect to it. Furthermore, you say that 
what is missing from the Einstein description of the ether up to 1924 is 
Planck's constant. Well, in my view of the zero point field as a real 
physical field, h is precisely a measure of the strength of the zero 
point field. And so we find that the Planck theory, which was developed 
in rivalry with Einstein's outlook, contains many of the features which 
are required in the Einstein view of the ether. 

Edmonds . The basic symmetry of the laws of Dirac and Maxwell have 
Lorentz covariant structures which has nothing to do with what moving 
observers see. The mathematics dictates the symmetry and the symmetry is 
the Lorentz symmetry, and so the laws have a Lorentz symmetric structure. 
Once you have those laws, they dictate what happens, and so we get the 
phenomena of length contraction and time dilation? within those kind of 
measurements, using light, you can't demonstrate absolute motion. But 
this still leaves totally open the question of the vacuum. If there is a 
preferred reference frame dictated by the background radiation showing 
that we are moving at 0.002c toward Hydra, and if the vacuum is filled 
with Higgs bosons or quasi-particle pairs, then if we do an e^qperiment 
that is very sensitive to the virtual pairs that are part of the vacuum, 
then we should see some asymmetry in experiments that are of a quantum 
nature using the vacuum? these asymmetries could not be detected when 
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using light because of length contraction and time dilation. Whether or 
not the vacuum is Lorentz covariant doesn't change the fact that the laws 
are Lorentz covariant. Thus it reopens the question of a preferred 
reference frame and it is no longer tied to Einstein's equality of 
observers. Thus I believe the Lorentz point of view is more correct than 
Einstein's as to why the laws are Lorentz covariant. 

I would also like to ask Kostro about tachyons. Your theory 
contains a superluminal component. Does that then lead to an 
instantaneous action at a distance component to the nature of reality? 

Kostro. No. That would require an infinite propagation velocity. 

Phipps. Kostro's paper beautifully dramatizes the two opposed views of 
what fields might mean. Einstein was quoted as saying that "fields are 
physical states of space/" which I characterize as the ectoplasmic view 
of the field. The definition of field that I spoke of in my paper 
referred to the reading on a black box, and space comes into it as the 
theater in which one can locate the field point. The point can be 
anywhere, but the field is, in a sense, created locally by the detection 
at the point where you place this black box; all the other places are 
uninterrogated and purely methaphysical. This is what I call the 
operational view where you demand the operations to be performed to make 
the field appear. I wonder if Bridgeman who founded the operational 
point of view noticed this difference between himself and Einstein. 

Jeffers. I would like to ask Kostrow if his theory of the ether makes 
any predictions that can be observationally or experimentally tested. 

Kostro. I J don't know. I don't see that such experiments can be done at 
this time. 

Buonomano. One of the foundational questions of special relativity is 
whether we can perform a terrestrial experimental test that can 
distinguish between Einstein's special theory and neo-Lorentzian theory. 
The kind of nonergodic work that I described can be a test of the medium 
and so could give rise to a possible terrestrial type test. 

Edmonds. Motion through the vacuum, which is full of virtual particles, 
relative to the background radiation in the Universe might be detected by 
an experiment sensitive to quantum fluctuations. Since the Solar System 
is moving at 0.002c, an experiment performed for different orientations 
of the apparatus that produces a wind-in-the-face effect could reveal 
that the quantum is not isotropic. I urge that experiments to test for 
this be considered. 

Aspden. An experiment that revealed light speed anisotropy was reported 
by Silvertooth who set up standing waves built up from the same laser in 
a circuital system. He finds that the spacing of the nodes changes with 
orientation, resulting in a velocity of 378 km/sec in the direction of 
Leo. However, these experiments still require independent verification. 

A 1983 paper in Applied Optics by Silvertooth and Jacobs described the 
development of the standing wave sensor which scans along the standing 
wave path without obstructing the signal. 

Edmonds. The reference frame for that measurement of our speed is with 
respect to matter moving in all directions over 15 billion light years, 
and therefore, this experiment unequivocally determined the absolute 
motion of the Earth. Thus, if you are going to look for any kind of 
effect, you can work backward from this speed to calculate the magnitude 
of the effect your apparatus must detett. 
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CONCLUDING REMARKS 


G. Hunter 

Department of Chemistry, York University 
4700 Keele Street 

North York (Toronto), Ontario, Canada M3J 1P3 


I would like to give you my perspective of what I heard at this 
conference and I ask your forgiveness if I neglect to mention things that 
were most important to you. 

It is our continuing unhappiness with the state of quantum theory, 
particularly its counter-intuitive character, that brought us together. 
One of the most fundamental problems is the question of the meaning of 
space and time, and how they are measured. This is related to the 
concept of the ether, for which we heard several conceptions, and for 
which there does not appear to be any reconciliation. Several papers at 
this conference touched upon this problem. 

Although we all accept the predictive ability of quantum theory, we 
seek a deterministic interpretation, something other than the 
conventional Copenhagen view that Nature is intrinsically statistical. 

The work of Vigier and his collaborators emphasized the wave-particle 
duality and, in terms of the quantum potential theory, are able to 
explain trajectories along with waves. Their formalism is entirely 
equivalent to the nonrelativistic Schrodinger equation and so they are 
providing quantum theory with a deterministic interpretation. 

Other work that has been presented here was concerned with the 
question of whether quantum theory is right. That is, even in the 
nonrelativistic domain, can one create experimental situations that show 
that it is not sufficient? The really hard thing in this field is the 
interpretation of the experiments and we had some quite heated debate at 
times concerned with just that. 

The nature of interference in neutron and light scattering 
experiments was a subject that surfaced on several occasions. We have to 
accept that the experimental evidence to me strongly suggests that a 
particle can interfere with itself. In particular, the neutron 
experiments seem to support the view that a neutron in a diffraction 
apparatus somehow goes along two channels at the same time and interferes 
with itself. While this is counter-intuitive, it is difficult to devise 
an alternative explanation. However, there were at least two papers that 
attempted to do just that: Buonomano stated that previous events imprint 
themselves on the apparatus to influence subsequent events, and in this 
way explained interference without having the particle go through two 
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channels at the same time. Surdin introduced two kinds of waves to 
provide a deterministic explanation of these intereference effects, 
especially the recent experiments of Grangier, Roger and Aspect, whose 
results seem to support single photon interference. 

This conference has been a nice blend of the presentation of the 
experimental evidence and a variety of new ideas which have the potential 
for providing deterministic interpretations that are alternatives to the 
conventional statistical view point. 

Belinfante addressed the continuing problems of divergences and 
noncovariance in QED, and brought home the idea that theoretical 
physicists often make approximations that are mathematically convenient, 
but lacking in physical justification. His attempt to calculate the Lamb 
shift accurately is a laudable pursuit and we look forward to those 
results• 

I was especially impressed with the work of the Italian School of 
quantum theory where both experiments and theory are done in the same 
laboratory. In particular, I think back to the presentations of Selleri 
and of De Martini, each of which contained a lovely combination of 
experimental evidence and theoretical interpretation. While they didn't 
necessarily provide all the answers, that kind of work is the epitome of 
what we all ought to be doing. 
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CONCLUDING REMARKS 


F. Selleri 

Dipart:imento oh Fisica dell*Universita 

INFN - Sezione di Bari 

Via Amendola 172, 1-70126 - Bari, Italy 


I wish to start my summary with many thanks for all the work that 
has been done for making this Conference possible. We all enjoyed it 
very much and are very grateful to D. Kraft, W. Konig and E. Panarella, 
who solved all our problems. We shall remember with pleasure this 
Conference of Bridgeport. 

The history of physics is sometimes complicated rather than linear 
and simple. An illuminating event was a conference entitled "New 
Theories in Physics," held in Warsaw in 1938, at which von Neumann 
presented his theorem stating that the casual deterministic completion of 
quantum mechanics was not possible. At the same conference, Bohr 
expressed his admiration for von Neumann*s theorem and said that it came 
to the same conclusion that one of his then-recent papers had obtained. 

I believe that paper was the 1935 paper on complementarity, refuting 
Einstein, Podolsky and Rosen. Thus, there is a close logical link 
between von Neumann*s Theorem and the Complementarity Principle, although 
they may be very different philosophically. Heisenberg, in one of his 
books, also tried to prove the impossibility of the causal completion of 
quantum theory with a qualitative argument on the scattering of 
alpha-particles from a grating. Shortly afterwards, Pauli and Jordan 
along with Bohr, Born and others began to stress that the causal 
completion of quantum theory could not be obtained. This should be 
recalled because it has been a gigantic historical mistake; the pressure 
exerted by these important individuals was so strong that even such 
people as Einstein and de Broglie became completely isolated. But now, 
thanks to the work of a few courageous people, we have overcome all that. 
From a logical point of view the overcoming of von Neumann*s Theorem and 
of the Complementarity Principle dates from 1952 with the papers by Bohm, 
who simply did what had been considered impossible: he found a causal 
completion of quantum theory. After that, de Broglie resumed work and 
then, in 1964, came Bell*s paper in which he found the weak point in von 
Neumann*s Theorem: the third action. The discovery of Bell*s Inequality 
signalled a change of mood, resulting in a growth of interest in this 
field and in this approach. I believe that, today, we have every reason 
to say that space-time and causality should be defended as much as 
possible. By this I don*t mean that they are necessarily true, for they 
may be falsified. But this has not yet happened, and they were abandoned 
only because of cultural and philosphical fashions, not because of 
scientific reasons. We should now seek scientific reasons and have 
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experiments to prove that space-time and causality cannot be applied or, 
as I believe to be more likely, that they can continue to be applied. 

In this conference we have had many contributions in that direction. 

I enjoyed hearing Honig's photex concept, and the work of Vigier, 
Kyprianidis, Dewdney and Cufaro-Petroni, which goes in the direction of a 
space-time and causal description of quantum phenomena. I have learned 
much from Aspden on his lattice in space and the possibility of calcula¬ 
ting the value of a and of the mu-meson mass, and I enjoyed the paper by 
Kostrow on the three-wave model. 

But, there have also been other contributions: Surdin talked about 
stochastic processes, Hunter and Wadlinger about a physical model for the 
photon, and Marshall on stochastic electrodynamics. I don't have the 
capability to comment on these, but they were all very interesting papers. 

The contributions of Buonomano, Santos and Garuccio brought out the 
problems of locality and of the EPR paradox. I am a little unhappy with 
the position of Vigier and his collaborators on locality because, from a 
historical point of view, it is not correct to think that de Broglie held 
to a nonlocal position; it was mixed. In a 1976 paper, de Broglie states 
that quantum mechanics has been misinterpreted for no state vectors of 
the second type exist and therefore no EPR paradox exists. Well, that is 
a way of saying that quantum theory is local. Also, when I had the 
opportunity to meet personally with de Broglie, he stressed that he 
agreed completely with a paper of mine in which I defended locality. Of 
course, all ideas should be investigated, and the idea of nonlocality is 
perfectly possible from a logical point of view. In fact, all of the 
solutions proposed for the EPR paradox are far-fetched. I can recall the 
following ones: 

1. Quantum mechanics is wrong. 

2. There are superluminal influences, which seems to me impossible 
from a relativistic point of view, but one never knows. 

3. The future can influence the past. 

4. Negative probabilities as proposed by Feynman and by Dirac. 

5. The standard Copenhagen point of view that there is nothing real 
in the world except human activities, human experiments, but not 
an external reality. 

6. Nonergodic processes as proposed by Buonomano. 

There may be other solutions, also far-fetched, and that is why the 
EPR paradox is so interesting. 

In this conference we have not had the perfect mix of the 
experimental and theoretical levels, in the sense that perhaps not all 
known experiments have been taken seriously enough. There are many 
experiments that have been done from which we can learn much and I think 
we should take them more seriously. There have been some very 
interesting experiments presented at this conference. We had experiments 
presented by De Martini, by Panarella, by Matteucci, and by Jeffers, and 
they were all very exciting and stimulating. 

I would like to mention the very interesting theoretical proposals 
put forward for new relationships between theory and experiment, from 
different points of view, by Datzeff, by Belinfante, and by Phipps. I 
also recall the stimulating idea of a truly mathematical ontology 
presented by Edmonds, Raychaudhuri 1 s ideas on the composite nature of the 
photon, and the solution of long standing conceptual paradoxes proposed 
by de Haan. We all enjoyed the stimulating remarks contributed by Boyer 
and by Greenberger. 
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The growing interest in this type of activity provides us with cause 
for optimism. Now, it is true that science is not always logical; 
rather, it is a complicated activity in which different ideas, 
prejudices, and mistakes converge. However, logic has much to do with 
science, in fact more than with any other human activity. So we may say 
there is a growing logical space for a renewal of the foundations of 
modern physics; moreover, in the last 10 years, we can say there is also 
a growing sociological space for this change. Thus I believe we are 
slowly heading towards a complete recasting of physics. Of course, it 
will take time; it will not be easy and it will not be short. But 
perhaps we can prepare for the best. 
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COMMENTS 


H• Rymer 

Department of Physics 

University of Bridgeport 

Bridgeport, Connecticut - U.S.A. 06601 

I hope that the comments that I will make here will not be viewed as 
criticism of a colleague 1 s work, especially if these remarks are made by 
one outside the field of quantum physics. 

In my opinion, the meeting that was held at the University of 
Bridgeport concerned the most important topic that is before the community 
of scientists today. There is no doubt in my mind, what so ever, that the 
questions which were brought to the floor of the meeting affect the entire 
field of physical science. No part of science is immune from the values, 
and concepts, which rise from the investigations in this area of funda¬ 
mental physics. The questions which have been asked of quantum physics 
have long since departed from the narrow confines of "quantum mechanics." 
We are now in the domain of the foundations of physics. 

It is also quite clear that the answers to the probing questions 
which have been asked will have to come from the experimentalist. Until 
some concerns have been laid to rest, the detailing of theory upon theory 
will not, I believe, result in the movement toward the understanding of 
the fundamental processes of physics. Quantum physics is in much the 
same position that the study of cosmology was in the 1940's or 50's. It 
was not until a system of cosmological standards and coordinate systems, 
in the most general sense, was established that order was achieved in 
this field of study. This task was accomplished by the observational 
astronomer and the development of a new generation of instrumentation. 

I would like to suggest that this new generation of instrumentation 
for use in quantum physics experimentation has been developed. We can, 
at this time, pulse a wave train of between five and ten lambda in length, 
and create an optical chirp of uncontested quality. We can measure an 
absolute distance with an accuracy of lambda/400 with the possibility of 
lambda/1000 in the near future. Point sources with a separation of .0009 
arc seconds can be resolved and the computer furnishes us with an unbiased 
observer. 

All of these techniques are expensive and require some form of 
permanent laboratory facilities. These are, however, necessary tools 
which are needed to establish the base of modern physics. 


463 



We have, at this time, a plethora of experiments and experimental 
procedures, many of which are indicative of the needs, direction and skill 
of the experimentalist. Many of the experiments require considerable 
effort and expense to duplicate. Because of this cost, verification of 
results has been difficult by other workers. However, the keynote of ex¬ 
perimental procedure is that work can be duplicated by an unbiased and 
perhaps unschooled, observer. 

I would, therefore, like to suggest the following for consideration 
and critique: 

1. I think that a program similar to the international study that 
was conducted to achieve uniformity of fundamental astronomical 
tables should be considered for quantum physics. This means 
that a comprehensive survey of all experiments pertaining to 
quantum physics at its most fundamental level should be 
initiated. The purpose of this study would be to assess the 
experimental work needed to establish a base for future direc¬ 
tions of laboratory work to guide the development of instrumen¬ 
tation and to analyze the internal agreement between present 
experiments to measure fundamental quantities. This end result 
would be a knowledge of what is needed in the way of experi¬ 
mental evidence in order to establish a firm foundation for 
quantum physics. Such a study would indicate the future trends 
of experimental work in this field. 

2. In those experiments where linear distance measures are of 
extreme importance I do not think that interference methods, in 
the normal sense of the word, are what is needed. These methods 
are not dynamic, but static, and it is important that a continued 
baseline be established during experimental runs. This would 
indicate that methods of heterodyne interferometry would be 
more accurate. With this method one can measure, and maintain, 
distances to lambda/400. In this technique the distance 
measures are replaced with time measures which are much better 

to work with. 

3. Electromagnetic events should be sensed, whenever possible, with 
the CCD array rather then with any other type of detector. 
Response times are much better in these intruments than in any 
other type of detector. This device also imposes an implied 
coordinate system into the experiment and brings the computer 
along as the monitor. This is also a dynamic system in that 
continuous samples of the optical image can maintain a dif¬ 
fraction-limited system throughout an experimental run. 

4. I think it is a bad mistake to allow mechanical chopping of an 
optical signal, except for the most gross of purposes. 

Mechanical choppers, even very good ones, have been the source 
of much trouble in accurate optical experiments, especially 
when the experiment involves scattered radiation. Whenever 
possible, optical chopping should be used. This is not a 
trivial job as these instruments are quite exotic and difficult 
to use. However, with proper care, these instruments do the 
best possible job. 

5. Optical components in an experiment should be mounted using 
adaptive optical techniques. In this way an experiment can 
maintain a diffraction-limited optical system and still retain 
the bore sighting of the optical path. These systems do re¬ 
quire the use of a computer, but one can maintain a system with 
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eighteen to twenty degrees of freedom without a great deal of 
trouble. In addition, the quality of the image obtained more 
than justifies the effort. 

6. I think that time measure should be based on an in-situ 
vibrational mode standard rather than the International second. 

7. Laser beam management standards must be established with respect 
to what can be tolerated in an experiment. During the course of 
an experimental run the laser beam characteristics must be 
maintained with a beam spectrometer. This is extremely important 
when the beam frequency is in the IR. A beam with known quality 
must be delivered to the experimental platform. 

8. If any form of adaptive optical system is used, it must be made 
certain that no optical component is in motion during the 
measurement mode of the system. This is particularly true of 
moving filters, and of any other component, during the course of 
an experimental run. 

9. Coordinate platforms for the laboratory reference for any 
experiment should be maintained, for stability, by ring laser 
techniques. In fact, it would be a good idea to have all 
experiments referred to some system of standard coordinates. 

I am sure that many more problems can be discussed and some form of 
correction procedure be established j.n the interest of standardization 
and reproducibility. In any case, what I have suggested is ‘going to be 
expensive; I do not think that any one group can afford such a facility. 
Therefore I suggest that international cooperation is needed to esta¬ 
blish such a laboratory. It would not, by any means, be as expensive 
as high energy physics. In fact, by comparison, it would be cheap, 
especially when one considers the possible returns for pure science. 

I think that another meeting should be called to discuss experi¬ 
mental standards and procedures for quantum physics experiments. I hope 
that such a meeting would result in a recommendation for the establish¬ 
ment of an international laboratory dedicated to quantum physics 
experiments. 
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